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INTRODUCTION 

The product ion of low-cost hydrogen for use a s  a f u e l  and chemical f eeds tock  
t o  supplement f o s s i l  f u e l s  and provide a f e a s i b l e  a l t e r n a t i v e  t o  c u r r e n t  hydrogen 
production methods is  o f  continued i n t e r e s t  i n  t h e  energy f i e l d .  The demand for 
hydrogen is inc reas ing ,  with t h e  need for hydrogen predicted t o  r i s e  by a f a c t o r  
o f  15 t o  20 t imes over t h e  next  40+ yea r s  (1 ) .  

Present ly  i n d u s t r i a l  q u a n t i t i e s  o f  hydrogen a r e  produced p r imar i ly  by e i t h e r  
steam reforming o f  n a t u r a l  gas  or p a r t i a l  ox ida t ion  o f  petroleum. However, both 
o f  t h e  feedstocks for t h e s e  processes  a r e  used more e f f i c i e n t l y  and economically 
i n  t h e i r  chemically una l t e red  or phys ica l ly  r e f ined  forms. One o f  t he  most v i a b l e  
a l t e r n a t i v e s  for hydrogen product ion,  i n  terms of a v a i l a b l e  feedstock,  is i n  t h e  
use o f  advanced coa l  g a s i f i c a t i o n  processes.  I n  coa l  g a s i f i c a t i o n  p rocesses ,  
hydrogen is produced by t h e  fol lowing r eac t ions :  

The g a s i f i c a t i o n  r e a c t i o n  1 )  involves  r eac t ing  coal  char  and steam t o  produce 
carbon monoxide and hydrogen. Addit ional  hydrogen is produced v i a  t h e  wa te r /gas  
s h i f t  r e a c t i o n  2). The g a s i f i c a t i o n  s t e p ,  r e a c t i o n  l ) ,  is enhanced a t  r e a c t i o n  
temperature by the  presence o f  c a t a l y s t s ,  o f  which the  most widely s t u d i e d  a r e  
a l k a l i  s a l t s  (2). The a l k a l i  carbonates ,  bicarbonates ,  oxides ,  and hydroxides  a r e  
we l l  known a s  r a t e  enhancers ,  while  h a l i d e s  of t h e  a l k a l i s  do no t  func t ion  n e a r l y  
a s  well  a s  p o s i t i v e  c a t a l y s t s .  Low-rank coa l  o f f e r s  a p l e n t i f u l  and r e l a t i v e l y  
inexpensive s u b s t r a t e  from which to form char  t h a t  has  high r e a c t i v i t y  (h ighe r  
than those o f  higher-rank coa l s )  toward steam i n  a char-steam r e a c t i o n  1 )  t o  
produce hydrogen. 

The thermodynamics of the  water/gas s h i f t  r eac t ion  2) r e q u i r e  t h a t  t h e  
hydrogen product ion process  operate  a t  t h e  lowest temperature poss ib l e .  The l i m i t  
t o  which t h e  temperature  may be lowered i n  t h e  process  is governed by the  a c t i v i t y  
of t he  cha r  generated a t  t h a t  temperature from a p a r t i c u l a r  coal .  Laboratory- 
s c a l e  experiments have shown t h a t  t h e  700'-800°C range a t  ambient p re s su re  provide 
condi t ions for maximum production o f  hydrogen i n  t h e  gaseous product ( 3 ) .  The 
c a t a l y t i c  enhancement o f  t h e  r a t e  o f  hydrogen product ion al lows t h e  o p e r a t i n g  
temperature to be lowered, t hus  e f f e c t i n g  g r e a t e r  s h i f t  and maximizing hydrogen 
formation. 

Potassium carbonate  is probably t h e  most ex tens ive ly  s tud ied  o f  t h e  a l k a l i  
s a l t  c a t a l y s t s  and is  o f t e n  used a s  a s tandard for comparison of c a t a l y s t  e f f e c t s .  
Other potassium compounds (except  for t h e  h a l i d e s )  have been shown t o  be e x c e l l e n t  
c a t a l y s t s  f o r  t he  g a s i f i c a t i o n  of coa l  cha r s  ( 4 , 5 ) .  Sodium compounds have a l s o  
been s tud ied  ex tens ive ly  for t h e i r  e f f e c t  on the  g a s i f i c a t i o n  r eac t ion .  They t o o  
have been shown t o  be good c a t a l y s t s  and i n  some cases  were as good a s  t h e  potas-  
sium compounds (5 ) .  Trona and nahco l i t e ,  n a t u r a l l y  occuring sodium-rich mine ra l s ,  
have been shown i n  laboratory-scale  experiments t o  be a s  good as potassium 
carbonate  for ca ta lyz ing  t h e  char-steam r e a c t i o n  of some low-rank c o a l s  (5 ) .  
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From an economic s t andpo in t ,  t he  sodium compounds a r e  l e s s  expensive t h a n  
potassium compounds, and mineable sodium-rich minerals  a r e  even l e s s  expensive 
than the  pure sodium compounds. However, not  a l l  low-rank c o a l s  g ive  the  Same 
r e a c t i v i t y  or r e a l i z e  t h e  same c a t a l y t i c  r a t e  enhancement under t h e  same r e a c t i o n  
cond i t ions ;  i . e . ,  c o a l - s p e c i f i c  e f f e c t s  are o f t e n  evident .  Therefore ,  thorough 
c h a r a c t e r i z a t i o n  o f  t h e  c h a r s  generated a t  the  va r ious  temperatures  of i n t e r e s t  
and t h e i r  response t o  va r ious  c a t a l y s t s  a r e  important i n  understanding the  
mechanism o f  t h e  g a s i f i c a t i o n  r eac t ion  i n  t h e  product ion o f  hydrogen. The 
research r epor t ed  h e r e  invo lves  the  c h a r a c t e r i z a t i o n  o f  cha r s  from two low-rank 
raw c o a l s ,  Velva (North Dakota) l i g n i t e  and Martin Lake (Texas) l i g n i t e .  The 
chars  were gene ra t ed  i n  t h e  temperature range 650'-750 O C ,  a t  atmospheric p r e s s u r e  
under i n e r t  atmosphere. Chars were a l s o  prepared from Velva and Martin Lake 
l i g n i t e s  con ta in ing  added c a t a l y s t  (10 w t %  K2C03 and Trona) at t h e  same c o n d i t i o n s  
for c h a r a c t e r i z a t i o n .  

EXPBRlM3UTAL. 

The r e a c t i o n  between low-rank coal  cha r s  and steam t o  produce hydrogen was 
s tudied wi th  two d i f f e r e n t  Thermogravimetric Analysis (TCA) systems. The k i n e t i c  
study o f  weight change o f  carbon with t ime for t h e  char-steam r e a c t i o n  was c a r r i e d  
ou t  on a DuPont 951 Thermogravimetric Analyzer (TGA)  i n t e r f a c e d  with a DuPont 1090 
ThermalAnalyzer. Approximately 20 mg samples o f  -100 x +140 mesh uncatalyzed or 
catalyzed c o a l  were devolat ized under argon flowing a t  160 cc/min, and t h e  
r e s u l t i n g  char  was r eac t ed  with steam ( p ( ~ ~ 0 )  = 0.1).  Weight, t ime, and 
temperature.  d a t a  were recorded,  and each experiment was terminated when weight  
loss ceased. T o t a l  gas  (product  gas  p l u s  c a r r i e r  gas )  samples were c o l l e c t e d  o v e r  
t h e  d u r a t i o n  o f  t h e  run  and were analyzed by g a s  chromatography ( G C ) .  Se l ec t ed  
experiments were dup l i ca t ed  on a l a rge  TGA so t h a t  l a r g e r  gas samples could be 
c o l l e c t e d ,  ensu r ing  s u f f i c i e n t l y  accu ra t e  ana lys i s .  The l a r g e  TGA was b u i l t  a t  
t he  Un ive r s i ty  o f  North Dakota Energy Research Center  (UNDERC) using a Cahn 1000 
e l ec t roba lance  and a 1200°C v e r t i c a l  tube furnace for r e a c t i n g  samples > 1  g. 
React ivi ty  parameters ,  ( k ) ,  for 50% carbon conversion,  were ca l cu la t ed  a t  each o f  
three t empera tu res  (T) and Arrhenius p l o t s  of I n  k vs 1/T were constructed for 
c a l c u l a t i n g  energy o f  a c t i v a t i o n  (Ea) and frequency f a c t o r ,  (A), as p rev ious ly  
described (3) .  Residue remaining a f t e r  t he  r e a c t i o n  was analyzed by X-Ray 
Di f f r ac t ion  and X-Ray Fluorescence techniques.  

Char analyzed by spec t roscop ic  techniques was prepared a s  i n  t h e  char-s team 
reac t ion  experiments ,  bu t  w a s  cooled t o  room temperature under argon. In  s e l e c t e d  
experiments t h e  c h a r  was removed from t h e  TGA under argon and s t o r e d  under argon 
t o  prevent exposure t o  a i r .  These samples were analyzed by Electron Spectroscopy 
for Chemical Analysis  (ESCA) and s o l i d  s t a t e  13C Cross Polar izat ion/Magic Angle 
Spinning (CP/MAS) Nuclear Magnetic Resonance Spectrometry ( N M R )  . Catalyzed and 
uncatalyzed samples o f  cha r  were examined by Scanning E lec t ron  Microkcopy (SEM) , 
t o  determine s u r f a c e  elemental  composition and t o  o b t a i n  photographs o f  t h e  c h a r  
surface.  The f i e l d  was scanned and r ep resen ta t ive  p a r t i c l e s  were photographed and 
mapped t o  determine elemental  d i s t r i b u t i o n .  A l l  char  samples were analyzed for 
ac t ive  s i t e s  by g r a v i m e t r i c  measurement o f  C02 adso rp t ion  i n  a manner similar to 
t h a t  desc r ibed  by R a t c l i f f e  and Vaughn (6) .  

RESIILTS AND DISCUSSION 

There are s e v e r a l  s i g n i f i c a n t  chemical d i f f e r e n c e s  between t h e  Coals used i n  
t h i s  study. The Velva l i g n i t e  is a nort.hern Great P l a ins  l i g n i t e ,  whereas t h e  
Martin Lake l i g n i t e  is a Gulf Coast l i g n i t e  and as such r e f l e c t  s i g n i f i c a n t l y  
d i f f e r e n t  coal-forming environments. Proximate and u l t i m a t e  ana lyses  o f  t h e  two 
coals  a r e  l i s t e d  i n  Table 1. The Martin Lake sample was h ighe r  i n  moisture and 
s i g n i f i c a n t l y  lower i n  a sh  con ten t  than t h e  Velva sample. The moisture-free ( m f )  
oxygen va lue  for t h e  Mart in  Lake coal  is 18% lower than t h a t  for t h e  Velva, and 
t h e  C/H ra t io  is 1.18 for Martin Lake compared t o  1.30 for Velva. The normalized 
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product gas  compositions shown i n  Table 2 were determined by gas  chromatography 
(GC) on t h e  t o t a l  gas  sample co l l ec t ed  during t h e  hydrogen production r e a c t i o n  
ca r r i ed  out  on both t h e  DuPont TGA and the  l a r g e  l abora to ry  TGA. The normalized 
hydrogen va lues  approximated those  predicted by the  engineer ing thermodynamic 
model. The values  obtained from the samples generated on t h e  l a r g e  TGA have 
somewhat l e s s  unce r t a in ty  in a n a l y s i s  s i n c e  t h e  d i l u t i o n  e f f e c t  of t h e  c a r r i e r  gas 
was reduced. 

TABLE 1 

PROXIMATE AND ULTIMATE ANALYSES 

Proximate Analyses 

Moisture % 
Ash, w t  % m f  
V o l a t i l e  Matter ,  w t  % mf 
Fixed Carbon, w t  % m f  
Heating Value, Btu/ lb  

Ultimate Analyses,  mf 

Hydrogen 
Carbon 
Nitrogen 
Su l fu r  
Oxygen ( D i f f )  

Velva 

29.3 
13.5 
39.3 
47.2 
7185 

3.84 
59.93 
0.94 
0.53 

21.26 

Martin Lake 

34.8 
8.7 

44.0 
47.4 
7525 

4.71 
66.46 

1.18 
0.86 

18.09 

TABLE 2 

PRODUCT GAS IN MOLE % FROM VELVA LIGNITE CHAR-STEAM REACTION - LARGE TGA 

co CH4 - - - Sample. Temp. OC "2 co2 - -  
W/10 w t %  Trona 750 56.23 30.13 13.64 ND 

W/10 w t %  Trona 700 51.73 43.51 4.55 ND 

Uncatalyzed 750 57.70 35.30 6.30 0.72 

Uncatalyzed 700 56.20 40.00 2.60 0.90 

ND = Absent or below de tec t ion  l i m i t  

*Sample s i z e s  were between 1.0 and 1.4 grams of -100 +140 mesh "as received" 
coal-  c a t a l y s t .  

Data normalized t o  exclude c a r r i e r  gas and a i r .  
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The inhe ren t  mineral  ma t t e r  of t he  Velva l i g n i t e  had the  e f f e c t  of i n c r e a s i n g  
t h e  r eac t ion  r a t e  over  t h a t  of t h e  Martin Lake l i g n i t e .  Addition of e i t h e r  po ta s -  
sium or sodium compounds a l s o  increased t h e  r a t e  of t he  char-steam reac t ion  f o r  
both t h e  Martin Lake and t h e  Velva char.  Potassium carbonate  and Trona admixed 
with t h e  l i g n i t e  both gave p o s i t i v e  c a t a l y s i s  of t h e  char-steam reac t ion .  The 
a c t i v i t y  parameter ( k  i n  g /h r /g )  increased from 1.40 with no c a t a l y s t  t o  3.50 w i t h  
10 u t %  K2C03 and t o  3.23 with 10 w t %  Trona f o r  Velva l i g n i t e  a t  70OoC. The 
r e a c t i v i t y  parameter a l s o  increased from 0.74 with no c a t a l y s t  a d d i t i o n  t o  1.41 
with 10 w t %  K2C03 and 2.37 with 10 u t %  Trona for Martin Lake l i g n i t e  a t  70OoC. 

SEM photographs (Figure 1 )  show the  s u r f a c e  e f f e c t ,  upon cha r r ing ,  of add ing  
K2C03 c a t a l y s t  t o  t h e  coa l s .  The ragged, i r r e g u l a r  su r f ace  and l a c k  of appa ren t  
pores i n  t h e  uncatalyzed cha r  is i n  c o n t r a s t  t o  t h e  rounded, h igh ly  porous s u r f a c e  
on the a l k a l i  ca t a lyzed  char .  The degree t o  which t h e  su r face  changed with t h e  
add i t ion  of c a t a l y s t  d i f f e r e d  between the  Velva and t h e  Martin Lake chars .  The 
Velva char  sur 'face is remarkably porous and contained uniform, evenly spaced 
nodules of approximately 0.05 pm x 0.10 P m  i n  s i z e .  The nodules  on t h e  s u r f a c e  of 
t h e  catalyzed Martin Lake char  were n e i t h e r  uniform i n  s i z e  no r  evenly spaced o v e r  
t h e  su r face .  The r e a c t i v i t i e s  d i f f e red  s i m i l a r l y ,  with t h e  Velva having t h e  
higher  r e a c t i v i t y .  This  sugges t s  t h a t  t he  inc rease  i n  r e a c t i v i t y  of t he  c a t a l y z e d  
cha r ,  which may be due t o  mechanis t ic  change i n  t h e  chemical r eac t ion  brought  
about by the  a l k a l i  c a t a l y s t ,  must a l s o  be due, a t  least  i n  p a r t ,  t o  t he  phys ica l  
e f f e c t  of producing a l a r g e  inc rease  i n  s u r f a c e  a rea .  The r e s u l t . o f  t h i s  i n c r e a s e  
i n  surface a r e a  is a n  inc rease  i n  a v a i l a b l e  a c t i v e  s i t e s  as shown i n  Figures  2 and 
3 for Velva cha r  and Martin Lake cha r ,  r e spec t ive ly .  

SEM mapping of t h e  su r face  fo r  inorganic  element d i s t r i b u t i o n  showed t h a t  t h e  
potassium was d i s t r i b u t e d  uniformly over t h e  s u r f a c e  of t h e  Velva p a r t i c l e s .  T h i s  
was not the  case wi th  the  Martin Lake p a r t i c l e s .  The uniform d i s t r i b u t i o n  of t h e  
potassium c a t a l y s t  on t h e  su r face  of the  Velva cha r  imp l i e s  a su r face  wet t ing by a 
f lu id  c o n s i s t i n g  of, or con ta in ing ,  the c a t a l y s t .  The Trona, however, does n o t  
e x h i b i t  t h i s  mode of d i s t r i b u t i o n .  Instead t h e  element d i s t r i b u t i o n  map showed 
t h e  sodium su r face  depos i t s  as being a s soc ia t ed  with those o,f s i l i c o n  and 
aluminum. The i r r e g u l a r l y  placed su r face  nodules  of nonuniform s i z e  were l o c a t e d  
near  t h e  sodium depos i t s .  

Carbon 13 Nuclear Magnetic Resonance (13C NMR) s p e c t r a  of cha r s  prepared a t  
temperatures from 600' t o  75OoC (Figure 5)  i nd ica t ed  t h e  absence of a l i p h a t i c  
groups i n  t h e  cha r  with removal of a l i p h a t i c s  occurr ing during t h e  c h a r r i n g  
process.  Aromatic CO groups and carboxyl,  amide, and e s t e r  groups a r e  absen t  i n  
t h e  cha r s  as well .  The decrease in aromatic s i g n a l  s t r e n g t h  with temperature may 
r e s u l t  from unobserved carbon i n  CP/MAS due t o  t h e  dec rease  i n  H/C  with t h e  c h a r  
(7) .  Table 3 shows the ESCA surface carbon/oxygen r a t i o  on t he  Velva c h a r s  
prepared a t  va r ious  temperatures.  Char prepared a t  75OoC and exposed t o  a i r  had a 
s i g n i f i c a n t l y  lower su r face  C / O  r a t i o  than t h a t  prepared a t  t he  same temperature  
and p ro tec t ed  from exposure t o  a i r .  The la t ter  sample was analyzed a t  t h e i n a t u r a l  
su r f ace ,  and then a t  su r faces  produced by removal of o u t e r  l a y e r s  of char  u s i n g  
i o n  " spu t t e r ing"  f o r  the  time ind ica t ed  on Table  3. The low C/O r a t i o  of t h e  
exposed sample i s  diie t o  t h e  adsorpt ion of oxygen on exposurc t o  air .  Higher 
oxygen con ten t s  a r e  r e l a t e d  t o  the  highly a c t i v a t e d  carbon t h a t  r e s u l t s  during t h e  
char  formation. The chars  formed at t h e  o t h e r  temperatures  given on Table 3 
exhibi ted l i t t l e  inc rease  i n  C/O r a t i o  with temperature.  These r e s u l t s  i n d i c a t e  
t h a t  erroneous su r face  d a t a  can be minimized by maintaining an i n e r t  atmosphere 
over t h e  c h a r  samples and a more accurate  a n a l y s i s  can be c a r r i e d  out .  
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TABLE 3 

ESCA RESULTS--VELVA LIGNITE CHAR (ELEMENT $1 

Char Temp. 
(OC) 

7501 
750 

700 
650 
600 

S p u t t e r  Time 
(minutes) 

0 
0 

10 
70 
70 
70 
70 

Element % 

74.4 21.0 --- 
82.1 14.3 --- 
82.9 13.0 --- 
84.3 11.6 --- 
81.9 10.9 0.9 
80.1 12.3 0.8 
80.3 12.6 1.0 

c/o 

4.73 
7.69 
8.52 
9.62 

10.03 
8.66 
8.47 

*Exposed t o  a i r  

COUCLUSIONS 

- Reac t iv i ty  o f  low-rank coa l  cha r s  a r e  increased by f a c t o r s  o f  two t o  fou r  a t  a 

- The inc reased  r e a c t i v i t y  is due t o  i n c r e a s e s  i n  su r face  a rea  and a c t i v e  s i t e s .  - Scanning e l e c t r o n  microscopy shows t h a t  ca t a lyzed  c h a r s  have a much higher  

- Potassium was d i s t r i b u t e d  more uniformly than t h e  t rona  over t h e  char  su r face .  - The h igh ly  a c t i v a t e d  carbon c rea t ed  by t h e  d e v o l a t i l i z a t i o n  o f  t h e  low-rank 
coa l  n e c e s s i t a t e s  t h e  prevention of exposure t o  a i r  i f  CO func t iona l  groups 
a r e  t o  be accu ra t e ly  i d e n t i f i e d  by ESCA o r  quan t i f i ed  by CP/MAS 13C NMR. 

g iven temperature  wi th  a d d i t i o n  o f  c a t a l y s t .  

su r f ace  a r e a  than  uncatalyzed chars .  
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a) Martin Lake Char - Mag. 6000X b) Martin Lake/K2C03 

d! Velva/M2CO3 Char - Mng. 6000X C )  Velva Char - Mzgi 600@X 

Figure 1 - SEM Photographs of Coal Chars and 
Coal/KeCOj Char Prepared a t  75Ooc 
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UNCATALYZED AND CATALYZED VELVA CHARS 
ACTIVE SITES VS TEMPERATURE 
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Figure 2. Number of ac t ive  s i t edearban  atom in Velva l i g n i t e  char with and 
without ca ta lys t .  
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Figure 4 .  CP/MAS 1 3 C  NMR Spectra of (a )  Velva North Dakota l i g n i t e  (b) Velva 
l i g n i t e  char (750OC) and ( c )  Velva/Trona char 75OoC. 
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Figure 5. CPfMAS '3C NMR spectra of Velva/Trona char prepared at (a) 7OO0C (b) 
65OoC, and (I?) 6OO0C; 
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PYROLYSIS =/US AMALYSIS OF LOW-RANK COAL 

David J. Miller and Steven B. Eawthorne 

University of North Dakota Energy Research Center 
Box 8213, University Station 

Grand Forks, North Dakota 58202 

ABSTRACT 

The reactivity of coals under liquefaction conditions is 
related to their thermal decomposition. Pyrolysis GC/MS is used 
to determine the identity of the volatile products as the changes 
in coal structure occur. A Wyoming subbituminous coal (Clovis 
Point) and a North Dakota lignite (Indian Head) were heated under 
helium at four temperatures (160 OC, 250 OC, 300 OC, and 350 OC) 
for 30 minutes. The volatile species were cryogenically trapped 
in a capillary gas chromatographic column for GC/MS analysis. 
The two lower temperatures showed only devolatilization products 
(e.g., biological markers such as alkanes and terpenoids) while 
the higher temperatures yielded products resulting from bond- 
breaking (i.e., pyrolysis). The devolatilization and pyrolysis 
products of the two coals were similar in overall composition but 
markedly different in their distribution. The subbituminous coal 
(Clovis Point) pyrolysate contained phenol and cresols along with 
large amounts of C1g to C31 normal alkanes. Indian Head lignite 
pyrolysate contained a much larger amount of phenol, alkyl 
substituted phenols and dihydroxybenzene and lesser amounts of 
C1g to C31 alkanes. 

INTRODUCTION 

Pyrolysis gas chromatography/mass spectrometry has become 
increasingly popular for the analysis of solid fuel and fuel 
related materials. In recent papers, pyrolysis-GC/MS has been 
applied to model compounds (1) , asphaltenes (21, kerogens (2), 
buried wood (3), coalified logs (3) , and coal(4). A wide variety 
of techniques are employed for the pyrolysis of the sample. Most 
of the reported techniques employ some type of pyrolysis probe 
capable of rapid heating rates and temperatures in the 600 OC to 
>1000 OC range. The sample sizes reported were from 5 ug to 100 
U9. 

In order to study the products of thermal decomposition under 
low-severity liquefaction conditions, the maximum temperature 
used in this study was 350 OC. Our technique involves the use of 
approximately 10 mg of sample per analysis. The devolatilization 
and pyrolysis products are introduced into a split injector and 
cryogenically trapped at the head of a fused silica capillary gas 
chromatographic column. The use of a relatively large sample, 10 
mg, and a split injector allows for a more representative sample 
to be collected on the capillary column. The sample is then 
separated and analyzed using standard GC/MS techniques. 
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EXPERIMENTAL 
Samples 

Wyoming subbituminous coal (Clovis Point) and a North Dakota 
lignite (Indian Head) were used in this study. Both coals were 
ground to -200 mesh and dried i n  a vacuum desiccator for 48 hours 
prior to pyrolysis. 

Pyrolysis Gas Chromatography/Mass Spectrometry 

Figure 1 shows a schematic diagram 0.f- the pyrolysis 
apparatus. Approximately 10 mg of coal was placed in a 30 cm x 4 
mm i.d. pyrex tube. The sample was positioned approximately 5 cm 
from the outlet of the pyrex tube with a plug of silanized glass 
wool. The outlet of the tube was attached to a 1/4" x 1/16" 
stainless steel union fitted with a 2 in. x 0.20 mm i.d. needle. 
The sample tube was placed in the tube heater that had been 
preheated to the desired pyrolysis temperature. During the 
pyrolysis step, the needle was inserted into the split/splitless 
injection port, the helium flow was diverted from the injection 
port to sweep the pyrolysis products out of the pyrolysis chamber 
and into the injection port, and the tube heater was dropped down 
around the sample and union/needle assembly. The injection port 
was operated with a split ratio of approximately l:100. The 
pyrolysate entering the f used-si1 ica cap i 11 ary chromatographic 
column was cryogenically trapped by holding the oven temperature 
at -50 OC during the 30 minutes pyrolysis: Upon completion of 
pyrolysis, the column oven was heated rapidly to 0 OC followed by 
temperature programming at 6 oC/min to 320 OC. GC/MS analysis of 
the pyrolysis products was performed with a Hewlett-Packard model 
5985B using a 60 m x 0.25 mm i.d. (0.25 um film thickness) DB-5 
fused silica capillary column (J & W Scientific, Folsom, CA). 
Helium was used as the carrier gas at an approximate linear flow 
rate of 50 cm/sec. Pyrolysis gas chromatography with flame 
ionization detection (GC/FID) was performed in a similar manner 
using a Hewlett-Packard 5890 GC. 

Electron impact (EI) mass spectra were generated at 70 eV 
with a scan range of 35-500 amu. In the chemical ionization (CI) 
mode, reagent gas was introduced directly into the source through 
a heated transfer line colinear with the chromatographic column. 
Source pressure and CI tuning parameters have been reported 
previously (7). The structures of the dioxygen compounds (e.g. , 
C2 dihydroxybenzene vs C1 methoxyphenol) were confirmed by the 
use of deuterated reagent chemical ionization GC/MS. In this 
technique, the -OH proton is exchanged for deuterium and an 
apparent molecular weight change occurs. For example, ,a .C2 
dihydroxybenzene (MW = 138) would exhibit a pseudo-molecular ion 
at m / Z  142 (ionization by D+ and exchange of two acidic protons 
for deuterium), while a C1 methoxyphenol (MW = 138) would have a 
pseudo-molecular ion at m/z 141 (ionization by D+ and exchange of 
one acidic proton). Because of a prominent background ion at m/z 
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101 due to a reagent cluster ((CH3OD)3D+), the lower limit for 
the mass scan range using CH30D CI was 104 amu. 

RESULTS AID DISCUSSIOM 

Figures 2 and 3 are the pyrolysis-GC/FID chromatograms of the 
Wyoming subbituminous coal and the North Dakota lignite at the 
four pyrolysis temperqtures (160, 250, 300, and 350 OC). The 
numbered peaks in Figures 2 and 3 are identified in Table 1. 
Chromatograms for 160 OC and 250 OC show species that are 
thermally desorbed from the coal, and that are not pyrolysis 
products. This has been confirmed by the use of supercritical 
N20 extraction (300 atm at 45 OC) ( 8 )  which yielded extracts that 
had chromatograms virtually identical to those from the 160 OC 
and 250 OC thermal experiments. These compounds are primarily 
biological markers such as alkanes, sesquiterpenes, triterpanes 
and steranes(5,6). 

Comparison of the chromatograms obtained at 350 OC for the 
two coals shows marked differences in the composition of their 
pyrolysates. The pyrolysate yield for the lignite under the 
pyrolysis conditions described in the experimental section was 
much less then the yield for the subbituminous coal. The 
pyrolysate from the Wyoming subbituminous coal contains 
relatively larger amounts of aliphatics, aromatics, and oxygen- 
containing species such as phenol and alkylphenols. Catechol 
(1,2-dihydroxybenzene) is present in the pyrolysate of both 
coals, but in much lower concentration from the subbituminous 
coal than from the lignite. The lignite pyrolysate contains the 
same types of compounds as those found in the subbituminous coal 
pyrolysate but the distribution is very different. Alkanes in 
the range of c18 to C31 are present in both pyrolysates but are 
in much lower concentration in the lignite pyrolysis product. 
Anisole and C1 anisole isomers were present in the lignite 
pyrolysate but not in the subbituminous pyrolysate. Larger 
amounts (relative to other components in the sample) of 
dihydroxybenzene, methoxyphenol, and their C1 and C2 alkyl 
derivatives were present in the lignite pyrolysate. This is 
consistent with results published by Hatcher, et a1 (3), and 
would be expected since lower rank coals have undergone less 
coalification and would contain organic constituents which more 
closely resemble structures (e.g., lignin) found in the original 
plant material. Several of the substituted dihydroxybenzenes and 
methoxyphenols were absent from the subbituminous pyrolysate. 

CONCLUSION 

Pyrolysis gas chromatography/mass spectrometry can be a 
valuable t o o l  for evaluating candidate coals for use in synthetic 
fuel processes especially where separation and upgrading of the 
pyrolysate fraction is a concern and the chemistry of the process 
has a narrow operational range. Structural differences in the 
pyrolysates can be related to the structure of the coals. The 
larger sample size and split injection used in our technique 
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TABLE I .  Identification of Numbered Peaks from Figures 2 and 3. 

Peak Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13,14 
15 
16 
17 
18 
19 

20 
21,22 
23 
24 
25 
26-39 
40,41,42 
43 
44 
45 
46 
47 
48 

Species 

methylcyclopentadiene or isomer 
benzene 
acetic acid 
C2-cyclopentadiene or isomer 
t ol uene 
C2-cyclohexane or isomer 
C2-benzene 
cyclooctatetraene and C2-benzene 
anisole 
phenol 
C1-anisole 
C3-benzene 
cresol isomers 
methoxyphenol 
C2-phenol 
dihydroxybenzene 
C3-benzene 
C1-dihydroxybenzene and 
C1-methoxyphenol 
C1-dihydroxybenzene 
C2-dihydroxybenzene 
C2-naphthalene 
cadalene 
M=266 biological marker 
c18 to C31 alkanes 
M=206 sesquiterpene isomers 
M=262 biological marker 
M=276 biological marker 
M=270 biological marker 
M=252 biological marker 
M=234 biological marker 
M=286 biological marker 
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Pyrolysis GCIFID of Subbituminous Coal 
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Pyrolysis GC/FID of Lignite Coal 
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Figure  3 .  P y r o l y s i s  GC/FID t r a c e  from North Dakota l i g n i t e  
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COMPARISON OF DETECTORS FOR SIZE EXCLUSION CHROMATOGRAPHY OF 
HEAVY OIL FRACTIONS 

S .  COULOMBE 

CANMET, Energy Research Laboratories 
Energy, Mines and Resources Canada 

555 Booth Street, Ottawa, Ontario K1A OG1 

INTRODUCTION 

Size exclusion chromatography (SEC) is often used for the 
molecular weight determination of heavy oils, residues, pitches and 
asphaltenes because it is capable of providing the molecular weight 
distribution in addition to the average molecular weights. However, 
since these samples are very complex, results are often approximative 
because of three factors. First, the exclusion process separates 
molecules by size and shape instead of weight. Second, the sample is 
composed of hundreds of molecules having widely different properties 
which implies that additional interactions will add to the size 
exclusion process (1-4). Finally, the quantitation itself is 
approximative since usual LC detectors do not provide a signal that is 
independant of the molecular structure. 

In this paper, the performance of a differential refractometer, 
an; evaporative detector and a flame ionization detector for liquid 
chromatography is compared in terms of linearity, response factors and 
detection limits. 

EXPERIMENTAL 

The refractive index detector is a Waters 401 differential 
refractometer used in conjunction with a thermostated bath to keep the 
detector in isothermal conditions. 

The flame ionization detector is a Tracor 945 LC-FID specially 
designed for liquid chromatography. The eluant is deposited on the 
belt and the solvent is evaporated before the belt enters the detector 
flame which will detect only the solute. 

The evaporative detector is an Applied Chromatography System 
(ACS) 750/14 "Mass Detector" in which the eluant is nebulized at the 
entrance of a heated tunnel. The solvent is .evaporated in this 
tunnel, thus leaving solute particles in a gas stream. Light scattered 
by the non-gaseous particles is detected by a photomultiplier. 

Experiments were performed on a Varian 5000  liquid chromatograph 
using two types of columns: a Techsphere 5um amino column 
(HPLC Technology Ltd) for light standards and three Ultrastyragel 
styrene/divinylbenzene GPC columns (Waters) for polymer standards. 
All solvents were degassed before use. 
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RESULTS 

Results are presented in terms of response factors, detection 
limits and linearity. Response factors are calculated according to 
the following equation: 

area under eak X ~ amount of standa d 
RF = amount of cozpound X area umder standardrpeak 

Detection limit (DL) is calculated as the amount of compound 
equivalent to twice the noise level. In order to take account of 
different retention times and peak shapes, a time corrected detection 
limit (DLT) was defined as the detection limit (DL) divided by the 
peak width at half-height. 

Finally, the linearity range was evaluated using log-log graphs 
of peak area vs injected amount for concentrations ranging from 
detection limit to solubility limit at room temperature. 

Differential refractometer 

This detector is the most widely used in size exclusion 
chromatography. Table 1 shows how response factors can vary from 
compound to compound. This can obviously cause errors in quantitation. 
Detection limits were calculated for two extreme compounds avoiding 
cases where solubility problems were suspected. Finally, Figure 1 
shows excellent linearity over three orders of magnitude for 
phenanthrene. 

Flame ionization detector 

Figure 2 shows the signal decrease observed with time for a 
series of injections of a four-component mixture. Note that the time 
scale is not linear nor proportional. The numbers only indicate the 
order of injection. Pearson and Gharfeh (10) found that this decrease 
was caused by a gradual overheating of the block supporting the belt, 
thus causing evaporation of the solute before it gets to the flame. 
They proposed to use a fan to keep a good ventilation. In our 
experiments, an internal standard was used to calculate the response 
factors and calculations of detection limits were done on early 
injections. 

Table 2 shows how response factors can vary between compounds. 
Linearity (Fig. 3 )  is good if one avoids high concentrations where low 
response was probably due to detector saturation. However, it must be 
noted that the relation is exponentional as shown by the slope 
different than 1. 

EvaDorative detector 

Temperature is the most important operating parameter of this 
detector. Ideally, the evaporation tunnel is maintained at a 
temperature which will ensure complete evaporation of the solvent 
while the solute is not affected by the process. This temperature 
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setting is not in degrees but in arbitrary units, 0 meaning no 
heating. Figure 4 shows that a high temperature setting can seriously 
affect the response and how the variation is closely related to the 
molecular weight (or boiling point) of the compound. One must note 
here that standards selected for this study are not particularly 
volatile since their molecular weight is higher than 165 g/mol and 
their boiling point >285'C. Bartle (6) also stated that the analysis 
of samples having a molecular weight lower than 300 g/mol is 
questionable. 

Response factors were calculated for several temperature settings 
(Table 3). At higher temperatures, response factors are extremely 
different. When no heating is applied, differences are less severe but 
still very significant. It can be observed that even without heating 
the response factors are still correlated with boiling points although 
these are relatively high (>285'C). Of course, detection limits vary 
to the same extent (Table 4 ) .  

Linearity plot (Fig. 5) shows some curvature. However, if one 
avoids a lower concentration range, the curve could be approximated to 
an acceptable straight line whose slope is closer to 1, which 
facilitates calibration. Oppenheimer and Mourey ( 8 )  already indicated 
that operating conditions must be carefully chosen in order to ensure 
linear relationship. Along with Charlesworth (5,7), they also 
indicated that aerosol formation influences detection. Hence, surface 
tension and viscosity of the solvent are important since the droplet 
size will influence the size of the particles that cross the light 
beam. It is also possible that the refractive index (7,s) and opacity 
of these particles have a significant influence on the output signal. 

Polwners 

Since the evaporative detector is mainly used in polymer 
analysis, response factors and linearity were investigated f o r  
selected polymers. Response factors for these polymers seem to be more 
uniform than for the refractometer, and also more uniform than for the 
individual standards analyzed in previous sections (Table 5!. 
Linearity (Fig. 6) appears to improve slightly with polymers but again 
it is preferable to avoid concentrations approaching detection limits. 

DISCUSSION 

Performance 

Linearity (Fig. 1, 3, 5 and 6) is definitely better for the 
refractometer than for the other detectors. Both LC-FID and 
evaporative detector linearity plots show curvature that could be 
avoided if not working with too high or too low concentrations. In the 
case of LC-FID, the response is clearly exponential and one must be 
careful in using a calibration curve. 

Table 6 shows a summary of the variation of response factors for 
a series of components. For individual standards of molecular weight 
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between 165 and 300 g/mol, the refractometer showed the least scatter 
of data as the relative standard deviation (RSD) indicates. The 
evaporative detector gave the worst results because the evaporation of 
solute was a limiting factor. When polymers are considered, this 
detector seems to be slightly superior to the refractometer since 
evaporation of sloute is minimal. 

The variety of response factors obviously influences detection 
limits (Table 7). However, minimum and maximum values give an overview 
of the range that can be expected for a given detector. One can see 
that the LC-FID has detection limits one order of magnitude higher 
than the other detectors due to high noise levels and spiking problems 
(see Fig. 7). 

Other characteristics 

The refractometer cannot be operated in a solvent gradient mode. 
This is not really a problem in SEC since gradients are seldom used 
with this type of chromatography. The nature of the detection process 
also implies that response factors thus quantification might be 
different when using different solvents. On the other hand, the 
refractometer is a very simple and easy-to-use detector showing good 
reproducibility. A definite advantage over the two other detectors is 
that it is suitable for both light and heavy compounds. 

The evaporative detector response is partly related to the 
quality of the aerosol thus to physical properties of the eluant. 
These properties are affected by operating temperature, pressure, flow 
rate and solvent. For this reason, one must be careful in using 
gradients. As mentioned previously, volatile compounds cannot be 
analyzed using this detector. Finally, the evaporative detector is 
solid and relatively easy to use. 

In comparison, the LC-FID is a fragile detector, especially the 
belt. It is more complicated to operate. However, once good conditions 
are found, they do not have to be changed. One could question the 
completeness of detection and of combustion by the cleaning flame when 
heavy compounds are analyzed. 

Analvsis of Ditch samDles 

Table 8 shows the results obtained for the SEC analysis of three 
pitch samples while comparative chromatograms for sample 1 are given 
in Fig. 7. A ultraviolet detector trace was added for comparison. 
Obviously, a W detector is not recommended since the extinction 
coefficient can be widely different between components. It can be seen 
here that it overestimates the contribution of the high molecular 
weight portion of the sample. This is indicated by very high weight 
average molecular weight (M ) values since more importance is given 
to . Conversely, the LC-FID 
does not detect high molecular weight sp%ies very well as shown by 
the lower M values. This detector also displayed severe spiking and 
high systegatic noise that were responsible for the poor detection 
limits. 

heavier species in the cxlculation of 
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As shown in Table 8, average molecular weght values can differ 
widely and moreover the trends between samples are not always the same 
(see M for samples 2 and 3). Figure 7 shows that the refractometer 
detects" a larger quantity of heavy material than other detectors 
(except W) and that detection of the light material with the 
refractometer can be disturbed by the solvent front. On the other 
hand, the lighter components might not be detected properly by the 
evaporative detector. Finally, the noise level is slightly lower for 
the refractometer than for the evaporative detector. 

SUMMARY 

When considering all factors, it is very difficult to select a 
specific detector as the best for size exclusion chromatography of 
heavy oil related samples. The LC-FID was found to be unsatisfactory. 
The only procedure that would aid the selection between the 
refractometer or the evaporative detector would be to collect and 
weigh narrow fractions of the chromatographic effluents and to 
calculate the molecular weight of these less complex fractions. 
However, for 
different types of samples. Current practice in our laboratory is to 
analyze samples with both detectors in series in order to get a better 
idea of the nature of the sample. 

this time consuming procedure would have to be repeated 
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Table 1 - Response factors and detection limits 
for differential refractometer 

Pyrene 
Phenanthrene 
0-Terphenyl 
3-Methyl cholanthrene 
Dibenzofuran 
Benzophenone 
Xanthene 
Eicosanol 
Diphenyl amine 
5,6-Benzoquinoline 
Carbazole 
Dibenzothiophene 
Thianthrene 
Triphenyl methyl mercaptan 

1.0 
0.94 
0.74 
0.95 
0.74 
0.65 
0.75 
0.25 
0.78 
0.85 
0.34 
0.84 
0.72 
0.52 

~ 

2.8 3.3 

11.3 18.9 

Table 2 - Response factors and detection limits 
for flame ionization detector 

Pyrene 
Phenathrene 
o-Terphenyl 
3-Methyl cholanthrene 
n-C 
DibiiAZOfUran 
Benzophenone 
Xanthene 
Eicosanol 
Diphenyl amine 
5,6-Benzoquinoline 
Carbazole 
Dibenzothiophene 
Thianthrene 
Triphenyl methyl mercaptan 

1.0 
0.21 
0.86 
0.78 

0.26 
0.54 
0.54 
0.87 
0.30 
0.59 
0.12 
0.69 
0.99 
0.26 

1.58 
4.2 3.5 

2.6 2.2 
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Table 3 - Response factors for evaporative detector 
Temperature settina 

0 5 10 15 Compound 

Pyrene 
Phenanthrene 
o-Terphenyl 
3-Methyl cholanthrene 
n-C 
Dib&zo furan 
Benzophenone 
Xanthene 
Eicosanol 
Diphenyl amine 
5,6-Benzoquinoline 
Carbazole 
Dibenzothiophene 
Thianthrene 
Triphenyl methyl mercaptan 

1.0 1.0 1.0 
0.26 

0.53 0.46 0.31 
0.85 1.57 1.43 

0.69 
0.027 0.014 0.011 
0.13 0.073 0.083 

0.060 
0.80 
0.11 
0.60 
0.76 

0.19 0.12 0.15 
0.25 
1.04 

1.0 
0.21 
0.62 
5.21 
1.69 
0.004 
0.040 
0.047 
2.75 
0.064 
0.34 
2.45 
0.12 
0.32 
1.94 

Table 4 - Detection limits for evaporative detector 
- 

DL (10 *)9) DLT (10 ' g / s )  Compound 
Temperature: 0 5 10 15 0 5 10 15 

Dibenzofuran 2.11 37.3 3.51 62.2 

Pyrene 0.741 2.24 1.73 3.45 0.617 1.87 1.44 2.88 
3 -Methyl 0.575 1.01 1.06 1.06 0.319 0.564 0.588 0.588 

Benzophenone 1.55 14.6 9.84 34.8 1.04 9.76 8.2 29.1 

cholanthrene 

Table 5 - Response factors for polymers 

Compound Refractometer Evaporative detector 

Polystyrene 1.0 
Polyvinyl acetate 0.19 
Polysulfone 0.92 
Polyethylene glycol 0.31 
Polyamide 0.34 

0.18 "-'36 

1.0 
0.44 
0.71 
0.67 
0.35 
0.61 
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Table 6 - Summary of response factors 

Detector Min Max n X RS D 

' Standard compounds 
Refractometer 0.25 1.0 14 0.72 0.22 3 1% 
Flame ionization 0.12 1.58 15 0.64 0.39 61% 
Evaporative (T=O) 0.027 1.57 6 0.45 0.40 89% 
detector (T=10) 0.011 1.43 15 0.50 0.43 86% 

Polymers 
Refractometer 0.18 1.0 6 0.49 0.37 76% 
Evaporative det. 0.35 1.0 6 0.63 0.23 3 6% 

(T=O) 

Table 7 - Summary of detection limits 

DL (ucr/cr) DLT fns/s) 
Min Max Min Max Detector 

Refractometer 0.28 1.13 33 189 

Flame ionization 2.6 4.2 220 350 

Evaporative det. (T=O) 0.58 2.1 32 35 
(T=5) 1.0 37 56 6200 

Table 8 - Average molecular weight of pitch samples 

Samule Refractometer Evauorative det. LC-FID W 

Number average molecular weight, Mn 

1 
2 
3 

1 
2 
3 

780 
500 
290 

590 
380 
340 

Weight average molecular weight, Mw 

2730 
2250 
2170 

1960 
1520 
1380 

560 580 
470 290 
330 250 

1050 3410 
880 2540 
630 2240 
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Fig.1 - Linearity of refractometer for phenanthrene (Slope=0.941, 
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Pig.5 - Linearity of evaporative detector for pyrene (--- slope=1.5)7,  
~ 0 . 9 8 3 9 ; -  slopen1.161,r=0.9892) 
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Fig.6 - Linearity of evaporative detector for polystyrene Of Hw=6200 
(--- slope-1.286, r=0.9888, -s lope=i .0 i l ,  ~ 0 . 9 9 6 9 )  
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INTRODUCTION 

The presence o f  h igh  quan t i t i es  o f  aromatic compounds i n  middle d i s t i l l a t e  f u e l s  
causes problems f o r  re f i ne rs  and users because o f  t h e  soo t ing  propensi ty o f  such 
o i l s .  D i s t i l l a t e  f u e l s  con ta in ing  a h i g h  p r o p o r t i o n  o f  a romat ic  compounds a r e  
being produced due t o  t h e  increased use o f  non-conventional crudes and o f  lower 
cos t  b lending components t o  maximize product y i e l d .  

The method normally used i n  re f i ne r ies  f o r  determining aromatics i n  o i l s  i s  ASTM D 
1319, t h e  f l u o r e s c e n t  i n d i c a t o r  adso rp t i on  (FIA) method (1). The method uses 
inexpensive equipment and i s  s imp le  t o  perform; however, it does have some 
l i m i t a t i o n s .  The procedure i s  l eng th l y  and r e s u l t s  depend upon t h e  opera to r ' s  
a b i l i t y  t o  d i s t i n g u i s h  between t h e  co lo red  bands, which can be d i f f i c u l t  f o r  
colored samples. Problems have been repor ted  w i th  v a r i a t i o n s  i n  dye composi t ion 
and a v a i l a b i l i t y  of t he  proper grade and a c t i v i t y  o f  s i l i c a  gel  (2). F i n a l l y ,  t h e  
scope of t he  method excludes samples w i th  f i n a l  b o i l i n g  po in ts  greater than 315OC. 

The purpose o f  t h e  present work was t o  develop a simple, inexpensive and p rec i se  
method t o  determine aromat ics content i n  heat ing  o i l s  and d i e s e l  f u e l s .  I t  was 
desired t h a t  t h e  method be app l icab le  t o  samples b o i l i n g  as h igh  as 4OO0C, and 
t h a t  it be s u i t a b l e  f o r  use in  re f i ne ry  cont ro l  laborator ies.  

Mass spec t romet ry  and n u c l e a r  magnet ic  resonance may be  used f o r  a r o m a t i c s  
de terminat ion ,  b u t  bo th  r e q u i r e  expensive i ns t rumen ta t i on  and h i g h l y  t r a i n e d  
operators. They a re  there fore  unsui table f o r  rou t i ne  re f i ne ry  use. 

Many methods based on h i g h  performance l i q u i d  chromatography (HPLC) have been 
employed f o r  s a t u r a t e s  and aromat ics  de te rm ina t ion .  Some examples a r e  t h o s e  
reported by Suatoni and Swab (3), A l f redson (4) and Cookson e t  a l  (5). Genera l l y  
these methods a r e  character ized by good separation, ana lys is  times o f  less than 10 
minutes, and a r e  n o t  l i m i t e d  t o  low b o i l i n g  samples. The i r  main disadvantage i s  
t he  s p e c i f i c i t y  o f  t h e  usual u l t r a v i o l e t  (W) and r e f r a c t i v e  index (RI) detectors, 
which require ex tens ive  c a l i b r a t i o n  using e i t h e r  model compounds s i m i l a r  t o  those  
i n  the  samples be ing  analyzed, o r  f r a c t i o n s  prepared from t h e  actual  samples by 
open column chromatography. 

Two detectors thought t o  be preferable t o  the  R I  and W, because o f  t h e i r  r e l a t i v e  
uni formity o f  response f o r  hydrocarbon types over a wide range o f  carbon numbers, 
a re  the d i e l e c t r i c  constant (DC) detector and the  flame ion i za t i on  detector (FID). 
Th is  ! in i fo rmi ty  o f  response g r e a t l y  simp1 i f  i e s  t h e  c a l i b r a t i o n  procedure. Hayes 
and Ai.'erson (6) used a DC d e t e c t o r  i n  c o n j u n c t i o n  w i th  conven t iona l  HPLC 
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employing P a r t i s i l  columns and n -bu ty l ch lo r i de  as the  mobi le phase t o  determine 
saturates, monoaromatics and polyaromatics i n  fue l  d i s t i l l a t e s .  

The FID p r e s e n t s  a p rob lem when used w i t h  c o n v e n t i o n a l  HPLC because  o f  
interference from commonly used solvents. Nor r i s  and Rawdon (2) have success fu l l y  
coupled s u p e r c r i t i c a l  f l u i d  chromatography (SFC) w i th  FID us ing  carbon d i o x i d e  as 
t h e  mob i le  phase and a s i l i c a  column coated  w i t h  s i l v e r  n i t r a t e  t o  de termine 
saturates,  o l e f i n s  and aromat ics i n  gaso l i nes .  Schwartz and Brownlee (7) a l s o  
employed SFC/FID t o  determine p a r a f f i n s ,  o l e f i n s  and a romat i cs  i n  g a s o l i n e s  
employing a s i l i c a  column wi th  s u l f u r  hexaf luor ide as the  mobile phase. 

I n  SFC t h e  mob i le  phase i s  a h i g h l y  compressed gas (8) w i t h  exce l l en t  s o l v a t i n g  
proper t ies .  Th is  cond i t ion  i s  achieved above the  c r i t i c a l  temperature and pressure 
o f  t h e  mobi le phase. General ly the  dens i ty  o f  t h e  f l u i d  and hence i t s  s o l v a t i n g  
a b i l i t y  i s  i nc reased  by e i t h e r  i n c r e a s i n g  t h e  p r e s s u r e  o r  d e c r e a s i n g  t h e  
temperature. Th is  w i l l  usual ly r e s u l t  i n  a loss o f  s e l e c t i v i t y  w i th in  a homologous 
ser ies ,  bu t  can be advantageous when c lass  separations (saturates,  aromatics) a re  
desired over a wide molecular weight range. An SFC system i s  e a s i l y  coupled t o  an 
FID w i t h  l i t t l e  i n t e r f e r e n c e  f rom t h e  m o b i l e  phase f l u i d  s i n c e  i t  r a p i d l y  
desolvates be fore  en ter ing  the  detector (9). 

I n  t h e  present work the  e f f e c t s  of  temperature, pressure and s ta t i ona ry  phase on 
t h e  SFC/FID d e t e r m i n a t i o n  o f  a r o m a t i c s  i n  m i d d l e  d i s t i l l a t e  f u e l s  were  
i n v e s t i g a t e d .  The FID response t o  bo th  s a t u r a t e s  and aromat ics  i s o l a t e d  f rom 
several actual  samples was determined. Resul ts were compared t o  those ob ta ined by 
the  FIA method, and the  p o s s i b i l i t i e s  o f  us ing  SFC/FID f o r  determining aromat ics 
on t h e  basis o f  number o f  r i ngs  was invest igated. 

MPERIUEHTAL 

Instrumentat ion 
A Varian model 8500 syr inge pump was used t o  pressur ize t h e  carbon d iox ide  i n  the  
chromatographic column. I n l e t  pressures were between 3250 and 4200 ps i  (22,400 and 
28,900 kPa). To f a c i l i t a t e  f i l l i n g  o f  the  pump w i t h  l i q u e f i e d  gas, two a l t e r n a t e  
methods were used. One employed a Lauda model K4R c i r c u l a t o r  ba th  t o  keep t h e  
s y r i n g e  pump coo led .  The o t h e r  employed a c y l i n d e r  o f  carbon d i o x i d e  p r e -  
pressur ized t o  1200 ps i  w i t h  hel ium which al lowed t h e  pump t o  be f i l l e d  w i thou t  
c o o l i n g  (10). A Shimadzu model GC-EA gas chromatograph equ ipped w i t h  an FID 
contained the  chromatographic column. The CC was run  iso thermal ly  a t  temperatures 
ranging from 35 t o  90°C; t h e  temperature o f  t h e  de tec to r  was 4 0 0 O C .  A Rheodyne 
va l ve  model 7520 equipped w i t h  a 0 . 2  pL i n t e r n a l  sample loop mounted on t h e  
e x t e r i o r  of t h e  gas chromatograph was employed t o  introduce t h e  sample onto the  
column. A Spec t ra -Phys ics  model 4290 comput ing  i n t e g r a t o r  was used f o r  t h e  
c o l l e c t i o n  and reduct ion o f  the  data. 

Columns and R e s t r i c t o r s ,  
A l l  columns were 2 5 h  x 2.lmn I D  ( A l l t e c h  Associates). The f o l l o w i n g  s ta t i ona ry  
phases were employed: 5p s i l i c a  adsorbosphere, 5p cyano, 5p amino, and 20% AgNO 
on 5p s i  I i ca .  The r e s t r i c t o r s  were f l e x i b l e  fused s i  I i c a  capi I la ry  tub ing  attached 
t o  t h e  column w i t h  a 0.4mm 40% g raph i te  f e r r u l e  w i t h  a low dead volume f i t t i n g .  
E i the r  5Omn of lop ID  tub ing  inserted approximately 3 h  i n t o  the  FID, o r  1 3 h  o f  
20p I D  tub ing  i nse r ted  approximately 9Omm i n t o  t h e  FID, as c lose  as poss ib le  t o  
the  flame, was used. The l a t t e r  arrangement was found t o  e l i m i n a t e  ’spik ing”,  a 
common problem i n  SFC (10). 
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l i b r a t i o n  Mater ia ls  
i c  ACS gra e carbon d i s u l f i d e  (CS ) was used f o r  d i l u t i o n  o f  t he  
i c a t i o n  ofdthe column chromatoarapiic procedure o f  Sawatzky e t  a l  

. ,  o r  t h e  p repara t i on  o f  s a t u r a t e s  and' a romat i cs  f r a c t i o n s  f rom 
several actual  samples. The saturates f r a c t i o n  was e lu ted  from t h e  s i l i ca -a lumina 
column w i t h  n-pentane and the  aromatics w i t h  to luene. Following care fu l  a i r  d ry ing  
t o  remove t h e  so l ven t  these f r a c t i o n s  were used f o r  checking t h e  FID response 
fac to rs .  

RENTS AND DISCUSSION 

Saturates-Aromatics Separation 
A .  E f fec t  of Temperature: Retention time data, expressed as capaci ty fac to rs ,  f o r  

a se r ies  of model compounds are shown i n  the  f i r s t  two columns o f  Table 1 f o r  
t h e  s i l i c a  s t a t i o n a r y  phase, m o b i l e  phase  p r e s s u r e  o f  3600 p s i  and 
temperatures of 90 and 35OC. The capacity fac to r ,  k, i s  def ined by: 

where t, i s  t h e  r e t e n t i o n  t ime  o f  t h e  g i ven  model compound, and to i s  the  
re ten t ion  t ime of a compound no t  retained by the  column which i n  t h i s  case i s  
the impuri ty peak i n  the  CS, solvent.  A t  both temperatures, t h e  saturates span 
a much smal le r  range o f  k values than do t h e  aromat ics .  However, it can be 
seen t h a t  a t  35'C t h e  s a t u r a t e s  as a group a r e  b e t t e r  separated f r o m  t h e  
monoaromatics. For example a t  t h i s  temperature C,, has a lower k va lue  than 
does benzene, b u t  a t  Q O O C  C , and t o l u e n e  have approx ima te l y  t h e  same k 
values. The b o i l i n g  p o i n t s  of to luene and C3, correspond approximately w i t h  
the  lowest  i n i t i a l  b o i l i n g  p o i n t  and t h e  h i g h e s t  f i n a l  b o i l i n g  p o i n t  (as 
determined by gas chromatographic s i m u l a t e d  d i s t i l l a t i o n )  o f  a l l  m i d d l e  
d i s t i l l a t e  samples studied i n  the  present work. 

The dramatic improvement i n  saturates-aromatics separation upon decreasing the 
oven temperature i s  shown f o r  an actual  sample by t h e  chromatograms i n  F igure  
1. The sharp i n i t i a l  e l u t i n g  peak i s  due t o  the  sa tura tes .  A t  35°C t he re  i s  
almost basel ine separat ion between the  saturates and the monoaromatic group of 
peaks. An added advantage o f  operat ing a t  the  lower temperature i s  the shorter 
re ten t ion  times, which would r e s u l t  i n  shorter ana lys is  t imes per sample. For 
example, phenanthrene e lu tes  i n  11 min. a t  90°C compared t o  6 min. a t  35OC 
This  can be a t t r i b u t e d  t o  increased dens i ty  o f  t h e  s u p e r c r i t i c a l  CO, a t  t h e  
lower temperature, which increases i t s  so lva t ing  a b i l i t y  (8). 

B. E f f e c t  o f  Pressure: Data a r e  n o t  shown, b u t  t h e r e  was some improvement i n  
separa t i on  between s a t u r a t e s  and aromat ics  a t  90°C when t h e  pressure  was 
increased f rom 3250 t o  3600 ps i ,  presumably due t o  the  increased dens i t y  o f  
the CD . A t  35OC, however, t h e r e  was v i r t u a l l y  no change i n  t h e  separa t i on  
over t6e  pressure range of  3000 and 4200 ps i .  

E f f e c t  of Stat ionary Phase: Gr i zz le  and Sablotny (12) employed HPLC with two 
aminosi lane columns i n  s e r i e s  and hexane/methylene c h l o r i d e  as the  mob i l e  
phase t c  s e p z r a t e  s a t c r a t e s  and a r o m a t i c s .  Lundanes and Gra ib rokk  (13) 
repor ted  t h a t  a s i l ve r - impregna ted  s i l i c a  column was r e q u i r e d  t o  o b t a i n  
complete separa t i on  o f  sa tu ra tes  and aromat ics  by SFC us ing  CO,.. Based on 
these s t u d i e s  we i n v e s t i g a t e d  t h r e e  o t h e r  columns o r  combina t ions  i n  an 
at tempt t o  improve upon t h e  separa t ion  between sa tura tes  and aromatics. The 
data obtained a t  a pressure of 3600 ps i  and temperature o f  35OC are  shown i n  

k (t, - to) / t 
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Table 1. It can be seen t h a t  the  separat ion us ing  t h e  s i l i c a / c y a n o  (Si/CN) 
combination i s  no t  as good as t h a t  of the  s i l i c a  a t  t he  same temperature. C, 
and xylene have the  same k value using the  Si/CN, whereas C, has a smal le r  E 
va lue  than xy lene w i t h  t h e  s i l i c a  a l o n e .  For t h e  amino fNH,) column t h e  
separat ion between sa tura tes  and aromat ics i s  much poorer; i n  t h i s  case C 
has t h e  same k v a l u e  as hexamethyl benzene. From t h e  I i m i  t e d  number ,"d 
compounds run, i t  appears t h a t  t he  se r ies  combination o f  s i l ica/POX AgNO, on 
s i l i c a  (Si/Ag) i s  no b e t t e r  than s i l i c a  a t  90°C. I t  i s  concluded t h a t  o f  t h e  
s ta t i ona ry  phases s tud ied  i n  our SFC system, t h e  b e s t  sa tura tes-aromat ics  
separation i s  obtained using a 5p s i l i c a  column. 

Ca l ib ra t ion  
I n  o r d e r  t o  check FID response f a c t o r s  f o r  s a t u r a t e s  and a romat i cs ,  some 
c a l i b r a t i o n  s tud ies  were ca r r i ed  out.  The c a l i b r a t i o n  curves were determined using 
sa tura tes  and aromat ics f r a c t i o n s  prepared from fou r  m idd le  d i s t i l l a t e  samples 
using the  procedure reported by Sawatzky e t  a l  (11). Recoveries o f  ma te r ia l  from 
the  column ranged from 81 t o  99 w t X ,  i n d i c a t i n g  the  loss o f  some lower b o i l i n g  
components. The SFC chromatograms o f  one o f  t h e  samples and o f  i t s  s e p a r a t e  
f r a c t i o n s  us ing  t h e  s i l i c a  column a t  a pressure o f  3250 p s i  and tempera ture  o f  
90°C, a re  shown i n  Figure 2. The r e l a t i v e l y  h igh  degree o f  p u r i t y  o f  each f r a c t i o n  
implies t h a t  t h e  separations by column chromatography and SFC are  s i m i l a r  making 
the  f rac t i ons  s u i t a b l e  f o r  c a l i b r a t i o n  purposes. 

The c a l i b r a t i o n  curves ob ta ined over a broad range o f  concen t ra t i on  u s i n g  CS, 
so lu t ions  of t h e  saturates and aromatics f r a c t i o n s  are shown i n  Figure 3 .  The data 
po in ts  were f i t t e d  t o  t h e  l i n e :  y = A * x .  The response f a c t o r s  as g i v e n  by t h e  
slopes o f  each l i n e  d i f f e r  by only 5%. Di f ferences o f  t h i s  order of magnitude were 
reported f o r  CC/FID work on model compounds (14), from which i t  was concluded t h e  
response fac to rs  are more or  less eq iva len t .  

Curvature was noted i n  t h e  sa tura tes  response above approx imgte ly  1 0 0 ~ 1 0 ~  area 
counts, whereas t h e  aromat ics  response was l i n e a r  t o  300x10 area coun ts .  The 
l i k e l y  reason f o r  t h i s  behavior i s  t h a t  t he  FID becomes sa tura ted  above a c e r t a i n  
concen t ra t i on .  The s a t u r a t e s ,  which have a much sha rpe r  peak, s a t u r a t e  t h e  
detector a t  a lower sample s i z e  than do the  aromatics. Because o f  t h i s  non- l inear  
behavior, it was necessary t o  reduce the  concentrat ion o f  sample reaching t h e  FID 
by d i  l u t i on .  CS, was chosen as the  solvent because o f  i t s  low FID response. I t  was 
found f o r  a l l  samples i n  t h i s  s tudy  t h a t  d i l u t i o n  by a f a c t o r  o f  t e n  was 
s u f f i c i e n t  t o  b r i n g  t h e  saturates i n to  the  l i nea r  range. 

Because of t h e  c l o s e  agreement between sa tu ra tes  and a romat i cs  response f o r  
f r a c t i o n s  ob ta ined from ac tua l  samples, i t  was decided t h a t  t h e  i n teg ra ted  area 
percentages may be used d i r e c t l y  t o  quan t i t a te  sa tura tes  and aromat ics p rov ided 
t h a t  samples a r e  d i l u t e d  such t h a t  t he  components a re  w i t h i n  t h e  l i n e a r  range o f  
t he  detector and t h a t  a small cor rec t ion  i s  made f o r  t he  area o f  t he  impuri ty peak 
from the  CS,. 

Repeatabi I i t v  and Accuracy 
f h e  w t %  aromatics values were obtained from analyses o f  dup l i ca te  (1 : lO)  d i l u t i o n s  
i n  CS, of each o f  22 samples o f  heating o i l s  and diesel  f ue l s .  Standard dev ia t i ons  
ranged from 0 t o  1 .4  w t X .  A poo led  s tandard  d e v i a t i o n  v a l u e  o f  0.4 w t %  was 
ca lucu la ted  from a l l  data us ing  the  formula g iven by Snedecor and Cochran (15). 
According to.ASTM C 670-81 (16) the  standard dev ia t ion  i s  m u l t i p l i e d  by t h e  f a c t o r  
2.83 t o  ob ta in  a repea tab i l i t y .  For the  present data t h i s  repeatabi  I i t y  statement 
i s  as follows: "Duplicate measurements by the  same operator should be considered 
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repeatab 

i f  t h e y  d i f f e r  by more t h a n  1.1 w t X  19 t i m e s  o u t  o f  20 " .  T h i s  
I i t y  compares favorably w i th  t h a t  reported f o r  t he  FIA method (1). 

These p a r t i c u l a r  r e p e a t a b i l i t y  measurements were c a r r i e d  o u t  by a chemica l  
t echno log is t  w i t h  one year o f  gas chromatographic exper ience.  Three days were 
r e q u i r e d  f o r  t h i s  i n d i v i d u a l  t o  become f a m i l i a r  w i t h  t h e  o p e r a t i o n  o f  t h e  
instrument and t o  perform the  analyses. Th is  ind ica tes  the  r e l a t i v e  s i m p l i c i t y  of 
t h e  t e c h n i q u e ,  and sugges ts  i t s  s u i t a b i l i t y  f o r  use  i n  r e f i n e r y  c o n t r o l  
labora tor ies .  

The accuracy o f  t h e  method could no t  be determined using ac tua l  samples s i n c e  the 
abso lu te  a romat i cs  c o n t e n t s  were n o t  known. An i n d i c a t i o n  o f  t h e  accuracy ,  
however, was made us ing  known mix tu res  o f  hexadecane and naphthalene i n  CS,. The 
d i f fe rences  between actual  and measured values ranged from 0 t o  1 w t % .  

Comparison t o  t h e  FIA Method 
besp i te  i t s  disadvantages, FIA i s  t he  most widely used standard method i n  t h e  o i l  
industry fo r  aromatics determinat ion.  For t h i s  reason it was used as a b a s i s  f o r  
comparison o f  t h e  present SFC/FID resu l t s .  Th is  comparison i s  shown by the  p l o t  i n  
Figure 4. A l i nea r  regression o f  t h e  data, ind ica ted  by t h e  s o l i d  l i n e  i n  F igu re  
4, y ie lded  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.9018. The 95% conf idence i n t e r v a l  f o r  
t h i s  regress ion  i s  g iven  by t h e  dashed curves .  The c o n s i s t e n t  b i a s  o f  a l l  bu t  
t h ree  o f  t he  po in ts  t o  higher values by SFC/FID (sIope=0.97) probably r e f l e c t s  the 
f a c t  t h a t  t h e  ou tpu t  o f  FIA i s  i n  VOIR whereas t h a t  f o r  SFC/FID i s  i n  wt%.,  Th is  
has a lso  been ind ica ted  i n  the  work o f  Nor r i s  and Rawdon (2). 

There are  two poss ib le  explanations f o r  the  th ree  samples whose po in ts  l i e  ou ts ide  
the  confidence l i m i t s .  F i r s t ,  these samples y ie lded o l e f i n s  values by FIA g rea te r  
t han  3 ~ 0 1 % .  H igh  concen t ra t i on  o f  o l e f i n s  do i n t e r f e r e  w i t h  t h e  s e p a r a t i o n  
between sa tura tes  and aromatics on a s i l i c a  column (17), which might r e s u l t  i n  the 
lower a romat ics  va lues  by SFC. Secondly, two o f  t hese  t h r e e  samples c o n t a i n  
components b o i l i n g  we l l  above 315'C which makes t h e  FIA r e s u l t s  quest ionable f o r  
these samples. 

C l a s s i f i c a t i o n  o f  Aromatics by Number o f  Rings 
f h e  capaci ty f a c t o r  data f o r  t he  s i l i c a  column a t  both 90 and 35'C shown i n  Tab le  
1 i n  general i n d i c a t e  a grouping o f  t h e  aromat ics according t o  number o f  r i n g s .  
The only s i g n i f i c a n t  over lap occurs between t h e  monoaromatics, hexamethylbenzene 
and octahydroanthracene, and t h e  diaromatic compounds. It i s  suspected t h a t  these 
monoaromatics ove r lap  because o f  t h e  la rge  amount o f  p i  e l e c t r o n  d e l o c a l i z a t i o n  
over the r i n g  s t ruc tu res .  For t h e  model compounds considered i n  t h e  present work 
good separat ion i s  obtained between the  diaromatics and polyaromatics. 

S ta t i ona ry  phases o the r  than s i l i c a ,  such as amino-modified s i l i c a ,  have been 
employed t o  separate po l ycyc l i c  aromatic hydrocarbons by HPLC (12,19) and by SFC 
(20). Our SFC data using a ser ies  combination o f  Si/CN s ta t ionary  phases, shown i n  
Tab le  1, i n d i c a t e  m a r g i n a l l y  b e t t e r  separa t i on  between mono- and d i a r o m a t i c s  
compared t o  s i  I i c a  a lone, bu t  poorer saturates-monoaromatics separat ion.  The NH, 
column provides the  best separat ion between mono- and diaromat ics,  b u t  very poor 
saturates-monoaromatics separat ion ( the  k value f o r  C i s  g rea ter  than most  of 
t h e  monoaromatic compounds as  seen f r o m  Tab le  1). E n a l l y ,  w i t h  t h e  s e r i e s  
combination of Si/Ag, t he  separation among aromatic types appears t o  be no b e t t e r  
than the s i l i c a  column. It i s  concluded tha t ,  o f  the  s ta t i ona ry  phases s t u d i e d  i n  
t h e  p r e s e n t  work,  a s i n g l e  s i l i c a  co lumn would be t h e  one p r e f e r r e d  f o r  
quan t i t a t i on  o f  aromatics according t o  number o f  r i ngs .  
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coNcLusIoNs 
A method employing SFC wi th  FID, s im i la r  t o  t h a t  reported by Norr is  and Rawdon f o r  
t h e  a n a l y s i s  o f  g a s o l i n e s  (2), has been developed f o r  t h e  d e t e r m i n a t i o n  of 
aromatics i n  middle d i s t i l l a t e  f u e l s .  Themethod i s  simple, employs r e l a t i v e l y  
inexpensive equipment, g i v e s  good r e p e a t a b i l i t y  and p r o v i d e s  r e s u l t s  which 
c o r r e l a t e  we l l  w i t h  those obta ined by FIA.  The SFC method i s  n o t  a f f e c t e d  by 
sample co lo r ,  appears t o  be app l icab le  t o  samples w i t h  f i n a l  b o i l i n g  p o i n t s  as 
h igh  as 45OOC and should be s u i t a b l e  f o r  use i n  a r e f i n e r y  c o n t r o l  labora tory .  
I n i t i a l  i n d i c a t i o n s  a r e  t h a t  the  de terminat ion  o f  aromat ics accord ing t o  t h e  
number of  r ings  can be accomplished by SFC/FID. 
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TABLE 1 

Comparison o f  Capacity Factors o f  Some Model Compounds Using D i f f e ren t  
Stat ionary Phases* 

Compound 

-- - - - - - - 
Saturates : 

N-pentane 
N-hexane 
3-Methylheptane 
N-decane 
Cyclohexane 
Dimethylcyclohexane 
Hexadecane 
Deca I i n 
E i  cosane (C2J 
Triacontane (C3J 

Benzene 
To I uene 
3-Ethyltoluene 
0-xy I ene 
Indane 
1 -P henydeca ne 
Tetra I i n 
Hexamethylbenzene 
Octahydroanthracene 

Monoaromati cs: 

Diaromatics: 
Naphthalene 
2-Methylnaphthalene 
Thianaphthalene 
Eipheny I 
Acenaphthalene 
B i benzy I 

F I uorene 
Dibenzothiophene 
Anthracene 
Phenanthrene 
Thi anthrene 
Fluoranthene 
Pyrene 
Chrysene 

Pol yaromat i cs  : 

S i  I ica 
goo c ------ 

- 
0.00 
0.02 
0.04 
0.04 
0.05 
0.11 
0.13 
0.18 - 

0.16 
0.19 
0.24 
0.26 
0.33 
0.39 
0.41 
0.69 
0. a0 

0.53 
0.56 
0.56 
0.70 
0.80 
0.92 

1.02 
1.16 
1.22 
1.27 
1.76 
1.82 
1.92 - 

S i  I ica 
35OC ---_-- 

- 
- 

0.00 

0.04 

0.05 
0.04 
0.09 

- 

0.17 
0.17 
0.16 
0.20 
0.25 
0.24 - 
- 
- 

0.37 - 
- - - 
- 

- 
- 
- 

0.85 - - 
- 

1.89 

Si/CN 
35OC ----- 

- 

0.15 

- - - 
0.15 - 
- 

0.27 
0.47 
0.54 

0.41 
0.47 
0.47 
0.44 
0.65 
0.57 

- - 
- 

1.15 

1.78 
- 
- 
- 

* A l l  runs were ca r r i ed  out a t  a pressure o f  3600 psi  
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FIGURE 1 :  SFC chromatograms o f  a middle 
d i s t i l l a t e  sample a t  temperatures o f  90 
and 35 OC using a s i l i c a  column and 
pressure of 3600 ps i .  
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FIGURE 2: SFC chromatograms obtained 
a t  90°C and 3250 psi of a whole middle 
d i s t i l l a t e  sample and of i t s  saturates 
and aromatics fract ions separated by 
co 1 umn chroma tog raphy . 
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FIGURE 3: SFC c a l i b r a t i o n  curves using saturates and aromatics f rac t ions  
separated from middle d i s t i l l a t e s  by column chromatography. 
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FIGURE 4: Comparison o f  aromatics content o f  middle d i s t i l l a t e s  by 
SFC and FIA. 
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THE DEPOLYMERIZATION OF A MODEL COAL POLYMER 
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INTRODUCTION 
While the macromolecular nature of the organic matter of coal has been known for some time 

(l), the manner in which the organic stn~cture is held together has been a focus for a ,much shorter 
time and is still the subject of considerable scrutiny (2.3.4). It has been established that the macro- 
molecular crosslinked structure of coal is the primary reason for its insolubility, but swellability, in 
organic solvents. The nature of the crosslinks, whether of a covalent or lesser type, is not really in 
dispute, but, rather, the relative amounts and importance of the probable interactions. The difficulties 
in establishing a clear concept no doubt lie in the very heterogeneous nature of coal, including the 
presence of trapped or "guest" molecules, and the diversity of coals of widely varying origins and 
ages. 

The most successful approach in attempting to understand the macromolecular structure of coal 
has been the application of techniques and models from the field of polymer science in considering 
coals as cross l ied  polymer networks (3.4). The difficulties of adapting a theoretical approach for 
ideal systems to such a heterogeneous, non-ideal, system as coal, have recently been pointed out (5,6). 
Nevertheless, for a pure polymer system used as a model for coal. the results should provide helpful 
insights into the nature of the thermal degradation of crosslinked polymer networks and coals. 

In this work, a model coal polymer network has been synthesized under conditions of thermal 
liquefaction. The degradation of the macromolecular network and production of soluble products are 
followed as a function of reaction time. 
EXPERIMENTAL 

A crosslinked polymer network was produced using the difunctional monomers a,a'-dichloro- 
xylene and hydroquinone with trihydroxy benzene as the trifunctional crosslinking agent. The polymer 
which was desired was a crosslinked aromatic based polymer in which all of the linkages, including 
the crosslinks, were relatively thermally labile. Thus, the linkages produced in the condensation poly- 
merization of these monomers should all be of the benzyl phenyl ether type, which cleave readily at 
350 C to produce phenolic hydroxyl and aromatic methyl groups when tetralin is used as a solvent 
(7). Figure 1 shows the monomer structures and the steps in the production of the polymer. The 
hydroxyl monomerS were convened to their sodium salts and dissolved in water, while the dichloride 
was dissolved in acetone. These were then mixed and refluxed at atmospheric pressure. for four hours 
to produce an insoluble product. The polymer which was produced was insoluble in all solvents 
tested, including THF and pyridine. Analysis of the polymer included carbon, hydrogen, oxygen, 
sodium and chlorine elemental analyses which were canied out by Huffman Laboratories, and swelling 
analysis. Swelling analyses were carried out in pyridine using the procedm of Larsen et al. (8). 

Once the polymer had been synthesized, degradation experiments were canied out in a micro- 
tubing bomb type reactor. Approximately 0.5 grams of polymer, accurately weighed, was put into the 
reactor with 2.0 grams of teualin. The reactor was then sealed and pressurized with nitmgen gas to 
loo0 peg. The reactor was immersed in a fluidized bed sandbath maintained at 350 f 5 O C. The 
internal reactor temperature reached the steady state temperature within one minute and, at the end of 
the desired reaction time, was removed from the bath and quenched in water for an essentially 
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instantaneous cool down. 
The reactor contents were then removed and a soxhlet extraction with THF was carried out to 

separate soluble and insoluble materials. The THF (and tetralin) was removed from the soluble frac- 
tion by rotary evaporator and the THF removed from the insoluble matter in a vacuum oven. Both 
fractions were weighed and the material balance could be closed to within five percent with a few 
exceptions which were within ten percent. The insoluble material was then subjected to swelling 
analysis and hydroxyl group analysis using the acetylation technique following the procedure of 
Cronauer et al. (9). The soluble material was analyzed by gel permeation chromatography. 
RESULTS 

As mentioned above, it was initially intended that all linkages in the polymer would be of the 
benzyl phenyl ether type. However, the degradation results showed that after significant conversion of 
the initial insoluble polymer to soluble products at short reaction times, an asymptotic limit of a b u t  40 
percent was reached after which no increase in conversion was observed, as can be seen in Figure 2. 
After examining the elemental analysis data and the organic chemistry literature, it appeared that a side 
reaction involving nucleophilic attack of the aromatic rings by the hydroxyl groups was possible. This 
reaction altered the structure of the polymer by including diphenyl ether type structures, which are con- 
siderably more refractory than the benzyl phenyl ethers (7). This additional structure is illustrated in 
Figure 3 by the symbol, T. With this knowledge, the polymer structure could be broken down into the 
groups shown in Figure 3 for purposes of analysis. A sample of the polymer structure is shown in 
Figure 4 with the different structural groups outlined. The quantities of all of these groups could be 
determined by their algebraic relationships with the elemental analyses, including the end group 
analysis provided by the sodium and chlorine analyses. The reduction of the structure into groups 
allowed the determination of the quantities and types of crosslinks present in the polymer structure. 
This knowledge about the crosslinks, with the use of a modified Flory-Rehner (10.3.4) theory, provides 
detailed information about the network. The molecular weight between c r o s s l i i  as well as the size 
of the "loops" in the network may be determined. 

With the appropriate parameters, the initial molecular weight between crosslinks is calculated to 
be 600 for the observed swelling ratio of 1.34. The interaction parameter, x , was determined from the 
correlation of Lucht (1 1) based solely on the carbon content of the material, which was developed for 
coals. This parameter is currently being determined experimentally for this system. Upon degradation, 
the swelling behavior follows the conversion results in that the ratio increases dramatically within the 
first four minutes, and then levels off to an asymptotic limit of about 1.8, as may be seen in Figure 5. 
From the modified Flory-Rehner theory, a molecular weight between crosslinks of 900 is calculated. 
The behavior of both the convexxion and molecular weight between crosslinks is qualitatively quite 
similar to what one might expect of a coal at this temperature. It follows that the more thermally 
labile crosslinks have been cleaved and then stabilized by the donor solvent, causing a significant 
amount of soluble material to be produced. At the same time the network opens up, but there remains 
a substantial amount of insoluble material due to the stability of the more refractory crosslinks. Figure 
6 shows the hydroxyl group concentration of the polymer as a function of reaction time with the 
results as expected for the cleavage of the benzyl phenyl ether linkages at the conversions observed. 

The soluble materials produced show a range of molecular weights from below 300 up to about 
1ooO. Calibration of the GPC was accomplished with model compounds having molecular weights up 
to 532, so the values above that could have some absolute error from the extrapolation. Figure 7 
shows the evolution of the molecular weight distribution with reaction time. The data are normalized 
per gram of initial polymer used so that the area under the curve is proportional to the mass of soluble 
material produced and becomes larger with higher conversions at longer reaction times. As may be 
seen, the general trend is for increased material of all molecular weights to be produced as the reaction 
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time and conversion increases. However, the lower molecular weight material, below about 300 tends 
to increase more rapidly than the bulk of the m e ,  which may be indicative of continued depolymeri- 
zation within the material which has already become soluble. Also, at the higher molecular weights, 
above about 700, the increase is also larger than for the bulk of the curve, with a pronounced peak 
developing for the two longest reaction times shown. It may be that as more crosslinks are broken, 
larger "pieces" of structures become soluble because of increases in the numbers of hydroxyl and 
methyl groups per "molecular piece", which aid the solubility of such "pieces". 
SUMMARY 

In summary, the goal of this work has been to develop a synthetic macromolecular network 
which may be used as a model for coal networks, and to take advantage of the high degree of charac- 
terization available such that the network may be thermally degraded and nsights into the degradation 
of the networks in coal may be gained. Also, with the increased use of thermosetting polymer net- 
works for materials applications, this knowledge is applicable to the understanding of thermal (or ran- 
dom) degradation and stability of these systems. This experimental work is being conducted in parallel 
with a modeling effort for the degradation of polymer networks. 
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INTRODUCTION 

The treatment of coal with molten caustic is an effective method for cleaning 
coal (1). Molten caustic treatment removes not only mineral matter but most of 
the sulfur, including organic sulfur, from coal. While the chemical processes 
leading to the removal of inorganic sulfur have been examined (2), the mechanism 
of organic sulfur removal is less understood. Coal characterization studies sug- 
gest that the organosulfur moieties in coal may be largely thiophene-type ring 
structures (3-5). A preliminary investigation in this laboratory studied the 
reaction of benzothiophene with sodium and potassium hydroxides (6). Evidence was 
obtained that o-thiocresolates were intermediates in the desulfurization reaction 
(Equation 1). The overall reaction is multistep; the ring opening is a key step, 
since only after conversion to a thiol derivative does desulfurization take place. 
Our findings on the desulfurization of thiols and thiol derivatives will be dis- 
cussed here. 

EXPERIMENTAL 

All reagents were used as purchased from commercially' available sources 
except the thiolate salts, which were prepared as previously described (6). 
Potassium hydroxide contained approximately 10-12 percent moisture, and all other 
salts were anhydrous. An "inert fused salt diluent" (IFSD), consisting of a 
36:55:9 KC1:LiCl:NaCl mixture by mole percent, was also used and had a eutectic 
point of 3460C. The hydroxide mixture used was a 60:40 K0H:NaOH mixture by weight 
(50:50 molar). 

Reactions were conducted in commercially available 1/2-inch tubing unions 
fabricated from corrosion resistant 'Monel, Inconel, or Carpenter-20 alloys. 
Before use, the unions were washed with tetrahydrofuran and methylene chloride in 
order to remove any oils .  One end cap was placed on the union and tightened to 
30 ft lb. The half-assembled reactor was transferred into a nitrogen-purged glove 
box, where it was charged with approximately 0.40 gram of the organic compound 
and, when necessary, 2.40 grams of the powdered hydroxide(s1 or salt mixture. The 
second end cap was placed on the reactor. After removing the reactor from the 
glove box, the second end cap was tightened to 30 ft lb. 

The reactor was bolted in a bracket assembly and immersed in a fluidized sand 
bath that was preheated to the reaction temperature. For most experiments, mixing 
was effected by shaking the reactor assembly using a mechanical wrist action 
shaker. Shaking the reaction vessel had little effect on product distribution. 
After the specified reaction time, the reactor was cooled rapidly by immersion in 
tap water. The reactor was opened while submersed in 50 mL methylene chloride to 
dissoive volatile and neutral organic materials. 

Glass reactors were prepared by sealing one end of a six-inch length of 
heavy-walled Pyrex tubing (12.7-nrm-0.d. x 2.4-mm-i.d.). The tube was placed in 
the glove box and charged with approximately 0.10 gram of organic compound and, 
where appropriate, 0.40 gram of hydroxide(s) or salt mixture. The tube was 
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removed from the glove box, freeze-thaw degassed, and sealed under vacuum while 
the lower portion of the tube remained frozen in liquid nitrogen. After warming 
to room temperature, the ampoule was loaded into a 3/4-inch stainless steel 
reactor tee assembly (7) and pressurized to equalize the pressure buildup antici- 
pated within the glass ampoule at reaction temperatures. The tee assembly was 
then submersed in a preheated fluidized sand bath for the appropriate reaction 
time, removed from the sand bath, and allowed to cool slowly to room temperature. 
The pressure was vented from the tee assembly, and the ampoule removed. The 
ampoule was scored and cracked open while submersed in 50 mL methylene chloride. 

The methylene chloride washings were transferred into a flask containing 
1,2,4,5-tetramethylbenzene as an internal standard for GLC analysis. If the 
reactor contained salts, it was then shaken with 50 mL distilled water containing 
sufficient concentrated HC1 to adjust the acidity of the final solution to pH 3. 
The time required to dissolve the salts completely was generally 10-30 minutes. 
The aqueous solution was decanted into a separatory funnel, where it was extracted 
with two 25-mL portions of methylene chloride. The methylene chloride extracts 
were added to a flask containing an internal standard. Aliquots of the methylene 
chloride solutions were analyzed by CLC. Products were further characterized by 
GC/MS. Where necessary, solutions were subjected to pressure filtration through 
microporous membranes to remove insoluble materials (8). The presence of 
methylene chloride soluble polymers was determined by careful removal of solvent 
and volatile materials in vacuo and weighing the residues. 

RESULTS AND DISCUSSION 

The thermal chemistry of alkyl thiolate salts was first examined at the turn 
of the century (91, and since then little has been done to reveal the mechanisms 
of their decompositions. Most studies involved aliphatic thiolates, and only 
recently has anyone examined alkali metal thiolates (10,ll). In general, thiolate 
salts are known to undergo only one pyrolysis reaction: decomposition at or near 
their melting point to give an organic sulfide and a metal sulfide (Equation 2). 

We chose as our model compounds derivatives of the simplest aromatic thiol, 
thiophenol . ’ Potassium thiophenolate or sodium thiophenolate were heated at 375OC 
for thirty minutes in a metal union in the presence of potassium hydroxide, sodium 
hydroxide, or a mixture of sodium and potassium hydroxides, or the IFSD, or as 
neat samples. The IFSD is molten at 375OC and was used to simulate the ionic 
character of the molten hydroxide media while being chemically inert towards 
organosulfur compounds under these conditions. By comparing the chemistry of 
thiophenolates in molten caustic, or IFSD, or as neat samples, we hoped to deter- 
mine whether the caustic reacted with thiolate to produce a sulfur moiety more 
amenable to desulfurization, thus facilitating bond breaking. 

We have found that, in the absence of a catalyst, neat potassium and sodium 
thiophenolates are stable at 375OC for extended periods of time. When potassium 
thiophenolate or sodium thiophenolate was treated with a molten 60:40 K0H:NaOH 
mixture in a corrosion-resistant union (Equation 3 ) ,  a number of reaction and 
decomposition products were observed. Some starting material was recovered as 
thiophenol, and small quantities of phenyl sulfide were obtained. Significant 
quantities Of the desulfurization product, benzene, were observed, but also some 
biphenyl was obtained. A number of minor products (accounting for less than 28% 
of the material recovered) were also observed. Methylene chloride insoluble 
materials .that appeared as black solids were sometimes observed. Reactions con- 
ducted in the presence of hydrogen led to increased yields o f  benzene and lower 
yields of black solids (6). These observatlons lead us to believe that phenyl 
radicals are intermediates in these reactions, and that the black solids were 
being formed by uncontrolled polymerization of some radical species. In some 
cases, some methylene chloride soluble materials had insufficient volatility to be 
observed by CLC. These were assumed to be oligomeric materials. Products con- 
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taining hydroxyl groups (phenol) or severa l  su l fhydry l  groups were sometimes 
observed, but genera l ly  these products were i n s i g n i f i c a n t .  The y ie lds  of  desu l -  
furized product from t h e  reac t ion  of sodium thiophenolate  i n  sodium hydroxide or 
potassium hydroxide (12%-16%) were lower than  t h e  y i e l d s  from the  reac t ion  Of 
potassium thiophenolate  i n  sodium or potassium hydroxide (30%-40%). 

When reac t ions  were conducted i n  t h e  same reac tors  using IFSD as a r e a c t i o n  
medium, a s i g n i f i c a n t  d i f fe rence  i n  t h e  chemistry of sodium thiophenolate  versus  
potassium thiophenolate  was observed. In  t h e  IFSD, d i a r y l  s u l f i d e  formation com- 
petes with desu l fur iza t ion .  Phenyl s u l f i d e  was the  only  product observed when 
sodium thiophenolate  decomposed in  IFSD. Potassium thiophenolate  decomposed i n  
IFSD t o  produce t h e  desu l fur ized  product benzene, although a small amount Of 
phenyl s u l f i d e  was a l s o  produced. 

During the  course of these s t u d i e s ,  incons is ten t  r e s u l t s  led  us  t o  observe 
careful ly  the product  d i s t r i b u t i o n s  in  t h e  d i f f e r e n t  reac tor  vessels .  Potassium 
thiophenolate was heated a t  375% f o r  30 minutes as a n e a t  sample or i n  IFSD us ing  
new, "pr i s t ine"  r e a c t o r s .  When these  reac t ions  were conducted i n  p r i s t i n e  Inconel  
or Carpenter-20 r e a c t o r s ,  no desul fur iza t ion  took place (Equation 4 ) .  Desulfur i -  
zation was observed i n  experiments conducted i n  p r i s t i n e  Monel reac tors .  The 
reactors  were then  pre t rea ted  with molten c a u s t i c .  Potassium thiophenolate was 
then reacted i n  t h e s e  same reac tors ,  and desul fur iza t ion  products were observed i n  
a l l  cases  (Equation 5 ) .  No s i g n i f i c a n t  increase in  desu l fur iza t ion  was observed 
i n  experiments conducted i n  pre t rea ted  Monel reac tors .  Clear ly ,  the metal walls 
of  these reac tors  were a c t i n g  as c a t a l y s t s  i n  t h e  desu l fur iza t ion  mechanism o r  as 
reactants  tha t  were causing desul fur iza t ion .  For Inconel and Carpenter-20 a l l o y s ,  
molten caus t ic  was necessary t o  "act ivate"  the metal sur face .  

In order t o  examine the c a t a l y t i c  e f f e c t  of t h e  metal species  i n  t h e s e  
reactors ,  a l i m i t e d  systematic  s tudy was undertaken. The a l l o y s  from which t h e s e  
reactors  were f a b r i c a t e d  c o n s i s t s  mainly of  n icke l ,  wi th  individual  a l l o y s  con- 
taining s i g n i f i c a n t  q u a n t i t i e s  o f  i ron,  copper, or chromium along with t r a c e s  o f  
manganese and o t h e r  metals. Reactions were conducted i n  sealed g l a s s  ampoules to 
observe the  chemistry of  thiophenolates  i n  t h e  absence o f  any metals. In sub- 
sequent react ions,  individual  metals were added to  s e e  i f  they e f f e c t  desu l fur iza-  
t ion.  As expected, potassium thiophenolate  is unreac t ive  in  t h e  absence of any 
other reagents. Again, i n  the  presence of  IFSD, potassium thiophenolate provides  
phenyl su l f ide  as the  major product. Some s t a r t i n g  mater ia l  was recovered. 
Reaction of  potassium thiophenolate  i n  the  presence o f  caus t ic  did not  lead to  
desulfur izat ion.  In t h e  presence o f  n i c k l e  powder or Monel shavings, with or 
without fused salts, s i g n i f i c a n t  q u a n t i t i e s  of desu l fur iza t ion  products (benzene 
and biphenyl) are obtained.  Potassium thiophenolate  i n  the  presence o f  IFSD and 
iron powder does n o t  undergo desul fur iza t ion .  

In an e f f o r t  t o  understand f u r t h e r  t h e  carbon-sulfur bond breaking processes ,  
the  chemistry o f  thiophenol  and diphenyl d i s u l f i d e  was examined. The pyro lys i s  o f  
aromatic t h i o l s  h a s  not been s tudied  as extensively as t h a t  of  a l i p h a t i c  t h i o l s .  
When aromatic t h i o l s  or d i s u l f i d e s  are heated, t h e  major products are d i a r y l  
su l f ides  (12) .  There are severa l  papers  t h a t  repor t  desu l fur iza t ion  products  
a r i s ing  from p y r o l y s i s  of  thiophenol at very high temperatures (70OOC) or 
pyrolysis over c a t a l y s t s  a t  moderately high temperatures (30Oo-58O0C) (13-15). 
Flow pyrolysis  of diphenyl d i s u l f i d e  of 4OO0C y i e l d s  thiophenol and diphenyl  
su l f ide  (16) .  

Our s t u d i e s  show t h a t  a t  375OC, i n  t h e  absence o f  any c a t a l y t i c  s p e c i e s ,  
thiophenol and d iphenyld isu l f ide  decompose t o  phenyl su l f ide .  When heated i n  t h e  
presence of an active c a t a l y s t  (Monel shavings, n i c k e l  or copper powder), 
thiophenol or diphenyl  d i s u l f i d e  gives  phenyl s u l f i d e  as I t s  major product, b u t  
desulfur izat ion products  (benzene and biphenyl) are also observed. 
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We have observed that naphthalene thiols undergo desulfurization more readily 
than thiophenol. This is in agreement with observations reported in the litera- 
ture (15). 

CONCLUSIONS 

In the presence of fused salts, an increase in the reactivity of thiolate 
salts is observed perhaps because the fused Salts function as solvents, and 
increase the probability of bimolecular reactions. Bimolecular reaction giving 
rise to organosulfur species more resistant to desulfurization compete with 
desulfurization, but in coal, because of the more rigid organic matrix, it is not 
likely to be a problem. 

Caustic is not necessary for desulfurization of thiol derivatives, although 
it may enhance it. An increase in desulfurization in the presence of caustic may 
be due to suppression of competing bimolecular reactions or some chemical process 
that actually speeds the 'desulfurization reaction. We do not have sufficient 
evidence to support these or other possible explanations. The desulfurization of 
aromatic thiols and their derivatives requires a catalyst. One of the species 
that catalyze these reactions is nickel, but other metals or alloys may also 
catalyze the desulfurization. In some cases, molten caustic is required to 
"activate" the catalyst. Additional studies concerning the nature of this 
catalysis and other possible catalytic species are under way. The chemistries of 
different aromatic thiols are similar, but changes in the aromatic structure 
influence their reactivity. 
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ABSTRACT 

We d e s c r i b e  a s tudy  on t h e  formation of  s i l i c a  p a r t i c l e s  i n  a 
counterf low d i f f u s i o n  f lame.  Th i s  flame is gene ra t ed  i n  t h e  impinge- 
ment r eg ion  of a f u e l  (H2+N2) and an ox idan t  ( O z + N z )  g a s  streams. 
SiHr was used as t h e  p r e c u r s o r  f o r  t h e  fo rma t ion  of  SiO2. I t  was f e d  
i n t o  t h e  f u e l  gas  stream. Chemical r e a c t i o n  l e a d i n g  t o  t h e  fo rma t ion  
of S i 0 2 ,  n u c l e a t i o n  of p a r t i c l e s ,  and t h e i r  i n i t i a l  growth a l l  occur  
upstream of t h e  f lame.  For a s u f f i c i e n t l y  high t empera tu re  f l ame ,  
aggrega te s  formed upstream f u s e  t o  form s i n g l e ,  s p h e r i c a l  p a r t i c l e s  
as they p a s s  through t h e  flame zone. However, f o r  a low t empera tu re  
flame, aggrega te s  remain ( o r  p a r t i a l l y  fuse).  as t h e y  p a s s  through t h e  
flame zone. Samples of p a r t i c l e s  were c o l l e c t e d  a t  t h e  e x i t s  of t h e  
bu rne r .  P a r t i c l e  s i z e ,  shape,  c r y s t a l l i n e  s t r u c t u r e ,  and chemical  
composition were analyzed.  These r e s u l t s  w i l l  b e  p re sen ted .  

INTRODUCTION 

The formation of  p a r t i c l e s  i n  combustion i s  a problem of consid-  
e r a b l e  importance i n  many i n d u s t r i a l  p r o c e s s e s .  I n  c o a l  combustion 
and g a s i f i c a t i o n  p r o c e s s e s ,  formation of p a r t i c l e s  creates a s e r i o u s  
problem of a i r  p o l l u t i o n .  On t h e  o t h e r  hand, formation of p a r t i c l e s  
i n  combustion f lames p rov ides  a u s e f u l  technology f o r  t h e  manufacture  
of many ox ide  powders. 

In t h e  manufacture of powders u s i n g  f lame technology,  t h e  forma- 
t i o n  of p a r t i c l e s  i nvo lves  t h e  fo l lowing  p r o c e s s e s :  ( 1 )  The vapor of  
t h e  d e s i r e d  material ( e . g . ,  S i 0 2 )  is  gene ra t ed  i n  t h e  f lame by oxida-  
t i o n  of t h e  p recu r so r  compounds ( e . g . ,  SiHh) which is f e d  i n t o  t h e  
flame. ( 2 )  The vapor  ( i n  a s u p e r s a t u r a t e d  s t a t e )  n u c l e a t e s  and forms 
i n i t i a l  p a r t i c l e s .  ( 3 )  The i n i t i a l  p a r t i c l e s  grow t o  f o r m t h e  d e s i r e d  
powder. Since t h e s e  p r o c e s s e s  a l l  occur  i n  t h e  f lame,  t h e  p r o p e r t i e s  
of t h e  powder are g r e a t l y  in f luenced  by  t h e  s t r u c t u r e  of t h e  f lame.  
The s t r u c t u r e  of t h e  f lame is i n  term determined by t h e  c o n s t r u c t i o n  
of t h e  bu rne r .  The des ign  of t h e  b u r n e r  is t h e r e f o r e  a key element 
i n  t h e  flame technology f o r  t h e  s y n t h e s i s  of powders. 

designed by Shyan-Lung Chung and Joseph L.  Katz [1,21 t o  s t u d y  t h e  
formation of SiOo p a r t i c l e s .  A main purpose of t h e  r e sea rch  is t o  
i n v e s t i g a t e  t h e  i n f l u e n c e  of t h e  bu rne r  des ign  and t h e  o p e r a t i n g  con- 
d i t i o n s  (e .e ; . ,  t empera tu re ,  c o n c e n t r a t i o n ,  and g a s  flow p a t h s )  on t h e  
p r o p e r t i e s  of t h e  p a r t i c l e s .  

In ou r  l a b o r a t o r y ,  w e  u s e  t h e  coun te r f low d i f f u s i o n  f lame burne r  

DESCRIPTION OF EXPERIMENT 

A .  Burner ,  Gases and Flame 
A S  shown i n  F i g .  1, t h e  bu rne r  c o n s i s t s o f t w o  v e r t i c a l l y  opposed 

tubes  of r e c t a n g u l a r  cross s e c t i o n .  The ox idan t  ( 0 2  d i l u t e d  w i t h  Nz) 
floWdpwnWard from t h e  upper t u b e ,  and t h e  f u e l  ( H P  d i l u t e d  wi th  N P )  
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flows upward from t h e  lower t u b e .  The t w o  gas streams meet n e a r  t h e  
middle and then  f l o w  outward. Each t u b e  c o n t a i n s  t h r e e  channels  
( sepa ra t ed  by 0 .08 mm t h i c k n e s s  s t a i n l e s s  s teel  p l a t e s ) :  a c e n t r a l  
m a i n  channel (12 .70  nun x 63.50 m)  and two s i d e  channels  (12.70 nnn 
x 6.35 mm).  Fused s i l i c a  p l a t e s ,  f i t t e d  t o  t h e  o u t s i d e  of t h e  two 
s ide channe l s ,  f o r c e  t h e  combustion g a s e s  t o  f low o u t  a long t h e  long  
s ides .  Each of  t h e  bu rne r  t u b e s  was des igned  t o  o b t a i n  a uniform 
flow of g a s  a c r o s s  i ts  mouth by passage  of  t h e  gases  through a per- 
f o r a t e d  p l a t e ,  a bed of g l a s s  beads (1 .0  mm d i a m e t e r ) ,  and two s t a in -  
less steel w i r e  s c r e e n s .  T o  compensate f o r  h e a t  losses from t h e  
s i d e s  with f u s e d  s i l i c a  windows, t h e  o x i d a n t  and f u e l  streams i n  t h e  
s i d e  channels  are e n r i c h e d  i n  0 2  and Hz, r e s p e c t i v e l y ,  t o  p r e c i s e l y  
the  e x t e n t  r e q u i r e d  t o  o b t a i n  a t empera tu re  d i s t r i b u t i o n  which is 
uniform i n  t h e . d i r e c t i o n  normal t o  t h e  two f u s e d  s i l ica  windows(i .e . ,  
t h e  X-d i r ec t ion ;  t h e  X ,  Y ,  and Z d i r e c t i o n s  are shown i n  Fig.  1). 
To prevent  d e p o s i t i o n  of p a r t i c l e s  on t h e  f u s e d  s i l i c a  windows, no 
precursor  compounds ( i . e . ,  SiHs i n  t h i s  r e s e a r c h )  is added t o  t h e  
mixtures  which are  f e d  t o  t h e  s i d e  channe l s .  Flanges f i t t e d  on each 
s i d e  of t h e  b u r n e r  openings minimize en t r a inmen t  of  surrounding a i r  
and keep t h e  outward gas  f low p a r a l l e l  t o  t h e  bu rne r  s u r f a c e s .  The 
d i s t ance  between t h e  two b u r n e r  mouths is a d j u s t a b l e  b u t  has  been 
kept a t  1 5  mm i n  a l l  t h e  experiments  p r e s e n t e d  h e r e .  

above is t h e  same as t h a t  designed by Chung and Katz [1,21. However, 
i n  o rde r  t o  s t u d y  t h e  fo rma t ion  of p a r t i c l e s ,  we have made some 
mod i f i ca t ions .  F i r s t ,  t h e  main channel  f o r  t h e  f u e l  g a s  stream w a s  
divided i n t o  t h r e e  s l o t s  i n  t h e  Y d i r e c t i o n  u s i n g  0 . 2  mm th i ckness  
s t a i n l e s s  s teel  p l a t e s .  S i l a n e  can b e  added t o  e i t h e r  t h e  c e n t r a l  
s l o t  o r  t h e  s i d e  slots t o  s tudy  t h e  e f f e c t  of d i f f e r e n t  f low pa ths  
on t h e  p r o p e r t i e s  of  t h e  gene ra t ed  p a r t i c l e s .  (Note t h a t  t h e  d iv id -  
ing p l a t e s  are removable.  I n  some of t h e  expe r imen t s ,  t h e  undivided 
channel w a s  u s e d . )  Second, n i t r o g e n  w a s  added t o  t h e  combustion 
gases  a t  t h e  b u r n e r  e x i t s  through t e n  s m a l l  h o l e s  on each f l a n g e .  7.' 

This is bo th  t o  d i l u t e  t h e  p a r t i c l e s  and t o  quench t h e  e f f l u e n t  com- 
bus t ion  g a s e s  s o  t h a t  growth of p a r t i c l e s  can be c e a s e d a t t h e  bu rne r  
e x i t s  where samples  of p a r t i c l e s  are t a k e n .  

of 99%. A mix tu re  o f  10% semiconductor g r a d e  s i l a n e  an'd 90% U.H.P. 
grade H P  (99.999% p u r i t y )  w a s  used as t h e  s i l a n e  sou rce .  Each gas  
flows through a f i l t e r  ( s i n t e r e d  b r a s s  f i l t e r  with 0.5 urn pore  s i z e )  
f o r  t h e  removal of  p r e e x i s r i n g  p a r t i c l e s .  The gas  f low rates were 
con t ro l l ed  and measured t o  aLouc 1% accuracy u s i n g  c a l i b r a t e d  
rotameters. 

The b u r n e r  prqduces a flame which is f l a t ,  s t a b l e ,  and r ec t an -  
g u l a r  i n  shape  [1,2j. Both temperature  and c o n c e n t r a t i o n  d i s t r i b u -  
t i o n s  are uniform i n  t h e  h o r i z o n t a l  p l a n e  ( i . e . ,  X-Y p l a n e )  I21. 
Formation o f  condensing s p e c i e s  ( e . g . ,  SiOz) ,  n u c l e a t i o n o f  p a r t i c l e s  
and t h e i r i n i t i a l  growth a l l  occur  upstream of -ihe f lame,  Khe1-e the  
gas flow is a lmos t  one-dimensional ( i . e . ,  Z d i r e c t i o n ) .  These char- 
acter is t ics  of the flame o f f e r  g r e a t  advan tages  f o r  t h e  s tudy of t h e  
formation of  p a r t i c l e s .  
B. Temperature Measurement 

thermocouples t o  measure t empera tu res .  The the raocoup le  wires =ere 
coated wi th  s i l i c a  t o  e l i m i n a t e  c a t a l y t i c  e f f e c t .  The temperatures  
thus ob ta ined  were c o r r e c t e d  f o r  r a d i a t i o n  lo s s .  
C .  Sampling and Ana lys i s  

The major p a r t  of t h e  c o n s t r u c t i o n  of  t h e  bu rne r  as descr ibed 

The N P ,  H P ,  and 0 2  g a s e s  used a l l  have t h e  r epor t ed  p u r i t i e s  

We used 0.05 m~ d iame te r  plat inum and p la t inum -10% rhodi;;c; 

P a r t i c l e s  were c o l l e c t e d  a t  t h e  bu rne r  e x i t s  u s i n g  g l a s s  f i b e r  
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f i l t e rs .  The c r y s t a l l i n e  s t r u c t u r e  o f  t h e  powder w a s  examined u s i n g  
an X-ray d i f f r a c t o m e t e r  (XRD). The chemical  composi t ion w a s  ana lyzed  
us ing  an energy d i s p e r s i v e  spec t romete r  (EDS). P a r t i c l e  s i z e  and 
shape were examined u s i n g  an t r a n s m i s s i o n  electron micrograph (TEK). 
To p repa re  samples  f o r  TEN examina t ions ,  p a r t i c l e s  were d i s p e r s e d  
u l t r a s o n i c a l l y  i n  e t h y l  a l c o h o l .  A drop  of t h i s  d i s p e r s i o n  was 
placed on t h e  TEM g r i d ,  and al lowed it t o  d r y .  

RESULTS AND DISCUSSION 

We d e s c r i b e  t h e  r e s u l t s  of  t h r e e  experiments  i n  t h e  fo l lowing .  
These t h r e e  experiments  were c a r r i e d  o u t  u s i n g  t h e  same H 2 - 0 2  f l ame ,  
i . e . ,  t h e  gas f low r a t e s ,  and t h e  c o n c e n t r a t i o n s  of  hydrogen and 
oxygen were a l l  kep t  c o n s t a n t .  The gas  f low rates are l i s t e d  i n  
Table 1. I n  experiment  one,  t h e  main channel  f o r  t h e  f u e l  gas  stream 
was not d iv ided .  In experiment two and t h r e e ,  t h i s  channel  w a s  
equa l ly  d i v i d e d  i n t o  t h r e e  s l o t s .  S ince  t h e  d i v i d i n g  p l a t e s  are ve ry  
t h i n  (0 .  l m m ) ,  t h e i r  e f f e c t  on t h e  f lame is small .  
Table  1. Fuel Ox id ize r  

H 2  Nz 0 2  N 2  

Main channel  2260 1270 1600 1210 (cm3/min) 
S i d e  channel  700 0 525 0 (cm3/min) 

In experiment  o n e ,  t h e  s i l a n e  f low rate  was 20 cm3/min, which 
was equal  t o  0.56% of t h e  t o t a l  f u e l  gases .  In experiment two, 
s i l a n e  w a s  added on ly  t o  t h e  t w o  s i d e  s l o t s .  I ts  f low rate w a s  13 .3  
cm3/min.  
s l o t  a t  a f low rate  of  6 . 7  cm'/min. 
t i o n s  i n  t h e s e  t w o  experiments  were t h e  same as t h a t  used i n  e x p e r i -  
ment one,  i . e . ,  0.56% of  t h e  f u e l  g a s e s . )  The f low rate  o f  t h e  n i -  
t rogen used f o r  quenching at  t h e  b u r n e r  e x i t s  w a s  2200 cm3/min, 
which dec reased  t h e  t empera tu re  of t h e  e f f l u e n t  gases  by about  200°C. 

p e r a t u r e s  above 2000 K, our  t empera tu re  measurement w a s  l i m i t e d  t o  
t h e  r e g i o n s  o u t s i d e  t h e  flame zone,  where t h e  t empera tu res  were below 
2000 K. A s  mentioned p r e v i o u s l y ,  t h e  major c o n s t r u c t i o n  o f  t h e  
burner  is t h e  same as t h a t  used by Cbung and Katz [ l ] .  The gas  f low 
r a t e s ,  and t h e  c o n c e n t r a t i o n s  of hydrogen and oxygen w e  used w e r e  also 
t h e  same as t h o s e  r e p o r t e d  by C h u g  and Katz i n  one of  t h e i r  e x p e r i -  
mentS[1,21. 
with t h e i r s  and found them t o  be  i n  e x c e l l e n t  agreement.  We rep ro -  
duced t h e i r  t empera tu re  p r o f i l e  and showed it i n  f i g u r e  2 .  
A .  Experiment One 

Examination of t h e  Si0,powder c o l l e c t e d  i n  t h i s  experiment  u s i n g  
an XRD shows t h a t  it is amorphous i n  s t r u c t u r e .  Composition a n a l y s i s  
by EDS i n d i c a t e s  t h a t  t h e  powder i s  composed of 99.6% Si02 and 0.4% 
Sn02. In p r e p a r i n g  samples f o r  EDS a n a l y s i s ,  t h e  powder w a s  f i x e d  on 
t h e  s u p p o r t i n g  aluminum b locks  us ing  g lue  c o n t a i n i n g  s i l v e r  . Since  
Ag and Sn have ove r l apped  s i g n a l s ,  t h e  s i g n a l  a t t r i b u t e d  t o  Sn may be  
from Ag. F u r t h e r  a n a l y s i s  is r e q u i r e d  t o  r e s o l v e  t h i s  confus ion .  

F igu re  3 shows t h r e e  TEM micrographs of t h e  powder. The powder 
can be d i v i d e d  i n t o  two typeso f  p a r t i c l e s .  
very Small  p a r t i c l e s ,  which are approximately 0.02 pm i n  d i ame te r .  
The o t h e r  i s  composed of l a r g e r ,  s p h e r i c a l  p a r t i c l e s  whose d i ame te r s  
a r e  approximately 0 . 1  pm. Some of t h e s e  p a r t i c l e s  form a g g r e g a t e s  
( t y p i c a l l y  two t o  f i v e  t o g e t h e r ) .  However, some o f  them e x i s t  as 
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In  experiment  t h r e e  s i l a n e  w a s  added only t o  t h e  c e n t r a l  
(Note t h a t  t h e  s i l a n e  concen t r a -  

Because t h e  P t  and Pt-10% FUI thermocouples can no t  measure t e m -  

We compared ou r  thermocouple t empera tu re  measurements 

One is a g g r e g a t e s  of 



s i n g l e  p a r t i c l e s .  ( I t  shou ld  b e  no ted  t h a t  s i n g l e , s p h e r i c a l  p a r t i -  
cles have n o t  been found i n  t h e  pub l i shed  s t u d i e s  on t h e  formation 
of s i l i c a  p a r t i c l e s ,  u s i n g  premixed f l ames  [3,4].) 

As i l l u s t r a t e d  i n  F i g .  4 ,  w e  proposed a growth mechanism f o r  t h e  
formation o f  t h e  t w o  t y p e s  of s i l i c a  p a r t i c l e s  i n  t h e  counterf low 
d i f f u s i o n  f l ame .  As t h e  f u e l  gases  f low o u t  of t h e  lower p a r t  of t h e  
burner ,  s i l a n e  is o x i d i z e d  t o  g e n e r a t e  SiO, vapor .  The S i 0 2  vapor 
( i n  a s u p e r s a t u r a t e d  s t a t e )  then n u c l e a t e s  and a l a r g e  number^ of 
small p a r t i c l e s  are produced. These i n i t i a l l y  formed p a r t i c l e s  can 
grow b y  e i t h e r  vapor  d e p o s i t i o n  o r  a g g r e g a t i o n ,  o r  bo th .  In t h e  cen- 
tral p a r t  of  t h e  f u e l  gas  s t r eam,  p a r t i c l e s  f low through t h e  high- 
temperature  f lame zone.  The p rev ious ly  formed aggrega te s  f u s e  t o  form 
s p h e r i c a l  p a r t i c l e s  as t h e y  p a s s  t h rough  t h e  flame zone. T h i s  pro- 
cess ( a s  i n d i c a t e d  by mechanism ( a )  i n  F i g .  4 )  may exp la in  t h e  
formation o f  t h e  l a r g e r ,  s p h e r i c a l  p a r t i c l e s  found i n  t h i s  experiment  
In t h e  o u t e r  p a r t  of t h e  f u e l  stream, p a r t i c l e s  do not  p a s s  through 
t h e  h igh - t empera tu re  f lame zone. The p r e v i o u s l y  formed aggrega te s  do 
not  f u s e  t o  form s p h e r i c a l  p a r t i c l e s  b u t  remain a s  aggrega te s .  Fur- 
t h e r  formation o f  a g g r e g a t e s  (o r  agg lomera te s )  may occur  due t o  
i n t e r p a r t i c l e  c o l l i s i o n s  as t h e  p a r t i c l e s  flow o u t  of t h e  bu rne r .  
This  p r o c e s s  ( a s  i n d i c a t e d  by mechanism ( b )  i n  F i g .  4 )  may exp la in  
t h e  formation of t h e  agg rega te s  of  s m a l l  p a r t i c l e s  found i n  t h i s  
experiment.  
B. Experiment Two 

ment show t h a t  a l l  t h e  p a r t i c l e s  are a g g r e g a t e s  of  s m a l l  p a r t i c l e s  
(approximately 0 .02  pm i n  d i ame te r )  and t h a t  t h e r e  is no l a r g e r ,  
s p h e r i c a l  p a r t i c l e s .  ( s e e  Fig.  5) Since s i l ane  was added t o  t h e  s i d e  
s l o t s ,  p a r t i c l e s  may form by mechanism ( b )  as  shown i n  F ig .4 .  (There- 
f o r e ,  a l l  t h e  p a r t i c l e s  are aggrega te s  and no l a r g e r ,  s p h e r i c a l  par-  
t i c l e s  are fo rmed . )  
C .  Experiment Three 

The p a r t i c l e s  c o l l e c t e d  i n  t h i s  experiment a l s o  c o n s i s t  o f  two 
types  of  morphology as found i n  experiment one.  However, t h e r e  a r e  
more l a r g e r ,  s p h e r i c a l  p a r t i c l e s  and less aggrega te s  of small p a r t i -  
cles as compared w i t h  t h o s e  ob ta ined  i n  experiment one. (See t h e  
TEM micrographs i n  F i g .  6 )  S ince  s i l a n e  w a s  added t o  t h e  c e n t r a l  
s l o t ,  most p a r t i c l e s  may form by mechanism ( a ) ,  t h u s  l e a d i n g  t o  t h e  
formation of  more l a r g e r ,  s p h e r i c a l  p a r t i c l e s .  However, some p a r t i -  
cles i n  t h e  o u t e r  p a r t  of t h e  stream may form by mechanism ( b ) ,  t h u s  
l ead ing  t o  t h e  formation of  aggrega te s .  

CONCLUSION 

The TEhl micrographs of t h e  p a r t i c l e s  c o l l e c t e d  i n  t h i s  expe r i -  

Some c o n c l u s i o n s  may be  drawn from t h e  experiments  desc r ibed  
above: (1) h igh  p u r i t y  and submicron s i l i c a  p a r t i c l e s  can b e  gen- 
e r a t e d  u s i n g  t h e  coun te r f low d i f f u s i o n  flame b u r n e r ;  ( 2 )  t h e  o r i g i n a l  
form of t h e  b u r n e r  produces t w o  t y p e s  of  p a r t i c l e s ;  ( 3 )  o u r  modifica- 
t iOn of t h e  b u r n e r  o f f e r s  t h e  p o s s i b i l i t y  f o r  t h e  c o n t r o l  o f  t h e  mor- 
phology of  t h e  p a r t j c l e s ;  (4) t h e  proposed mechanism seeins t o  e x p l a i n  
t h e  formation of s i l i c a  p a r t i c l e s  i n  t h e  f lame.  
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Fig. 3 TEM photographs of Si02 sample. 
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Fig.  5 TEM photograph of Si02 sample. 
21,000~ 0.4 urn 
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Fig .  6 TEM photographs of Si0,z sample. 
48,000~ ,0.2 urn. 
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ABSTRACT 

C a t a l y t i c  hyd rop rocessed  s h a l e  o i l  j e t  f u e l s  i n  t h e  USA were 
c h a r a c t e r i z e d  and compared w i t h  p e t r o l e u m  j e t  f u e l  t o  demons t ra te  t h e i r  
p o s s i b i l i t y  as a c o n v e n t i o n a l  j e t  f u e l  s u b s t i t u t e .  The s h a l e  o i l s  
( b e o k i n e t i c s ,  O c c i d e n t a l .  Paraho and Tosco 1 1 )  were h y d r o t r e a t e d  i n  a 
U.UbU8m IO by K1.524m l o n g  r e a c t o r  c o n t a i n i n g  Ni/Mo/AlpO catalyst. The 
f r a c t i o n a t e d  hydrogenated s h a l e  o i l s  a t  j e t  f u e l  ranges q120-30U C) Were 
analyzed f o r  c o m p o s i t i o n  and p h y s i c a l  p r o p e r t i e s .  The i n c r e a s i n g  
h y d r o p r o c e s s i n g  s e v e r i t y  p r o p o r t i o n a l l y  decreased n i t r o g e n ,  s u l f u r ,  
o l e f i n s ,  a r o m a t i c s  and i n c r e a s e d  hydrogen c o n t e n t .  The n i t r o g e n  c o n t e n t  
was c o n s i d e r a b l y  h i g h e r  even a t  h i g h  s e v e r i t y  c o n d i t i o n s .  S u l f u r  and 
o l e f i n  c o n t e n t s  were l o w e r  a t  a l l  s e v e r i t i e s .  The h e a t  o f  combus t ion  
and t h e  p h y s i c a l  p r o p e r t i e s .  except  t h e  f r e e z i n g  p o i n t .  were comparable 
t o  p e t r o l e u m  j e t  f u e l s .  The y i e l d s  of  j e t  f u e l s  i n c r e a s e d  
p r o p o r t i o n a l l y  t o  i n c r e a s e d  s e v e r i t y .  The s tudy  showed t h a t  h i g h  
s e v e r i t y  h y d r o p r o c e s s i n g  gave b e t t e r  per formance i n  p r o c e s s i n g  s h a l e  
o i l s  t o  j e t  f u e l s .  

I NTROOUCT I O N  

Shale o i l  j e t  f u e l s  c o n t a i n  c o n s i d e r a b l y  h i g h e r  n i t r o g e n  l e v e l s  
t h a n  p e t r o l e u m  j e t  t u e l s .  These sha le  o i l - d e r i v e d  j e t  f u e l s  cannot  be 
processed i n  a r e f i n e r y  s i m i l a r  t o  t h a t  used t o  o b t a i n  p e t r o l e u m  J e t  
f u e l  because t h e  h i g h  n i t r o g e n  c o n t e n t  c o u l d  p o i s o n  t h e  r e f i n e r y  
c a t a l y s t .  N i t r o g e n  c o n t e n t  g r e a t e r  t h a n  5 ppm decreases f u e l  o i l  
t he rma l  s t a b i l i t y  and i n c r e a s e s  n i t r o g e n  o x i d e  emiss ions  d u r i n g  j e t  f u e l  
combusti  on. 

The p r e s e n t  p rob lem i s  t o  o b t a i n  a n i t r o g e n  l e v e l  f o r  j e t  f u e l  i n  
t h e  range o f  1-5 ppm. High s e v e r l t y  h y d r o d e n i t r i f i c a t i o n  f o r  t h e  
r e d u c t i o n  o f  n i t r o g e n  c o n t e n t  i s  no t  c o s t  e f t e c t i v e .  The c rude  j e t  
f u e l  c u t  can be c h e m i c a l l y  t r e a t e d  t o  l o w e r  t h e  n i t r o g e n  l e v e l  t o  an 
accep tab le  upper  l i m i t .  Hyd rogena t ion  o f  s h a l e  o i l  f r a c t i o n s  a t  l ow  
s e v e r i t y .  p r i o r  t o  one o f  t h e  cnemical  t r e a t m e n t s  [ I ]  ( a c i d  washing, use 
o f  an hydrous a c i d ,  i o n  exchange r e s i n s ,  use o f  s o l v e n t s ,  p e r c o l a t i o n  
ove r  c l a y s  and a c i d  abso rban ts ,  p a r t i a l  o x i d a t i o n )  has been shown t o  
s u b s t a n t i a l l y  l ower  t h e  c o s t  o f  p r o d u c i n g  j e t  f u e l  compared t o  seve re  
c a t a l y t i c  hyd rogena t ion .  Th is  h y d r o g e n a t i o n  o p e r a t i o n  a l s o  reduces t h e  
n i t r o g e n  l e v e l  t o  an a c c e p t a b l e  l e v e l  (1-5 ppm). An i n c r e a s e  o f  
t empera tu re  c21  and p r e s s u r e  [3 ]  p r o p o r t i o n a l l y  i n c r e a s e  t h e  
hyd rop rocess ing  s e v e r i t y ,  which f a c i l i t a t e s  t h e  removal o f  n i t r o g e n ,  
s u l f u r  and oxygen and t h e  a d d i t i o n  o f  hydrogen. 

I n  t h e  p r e s e n t  work, sha le  o i l  h y d r o p r o c e s s i n g  was pe r fo rmed  a t  
low, medium and h i g h  hyd rop rocesss ing  s e v e r i t i e s .  The h y d r o p r o c e s s i n g  
s e v e r i t y  was changed p r i m a r i l y  by v a r y i n g  t h e  tempera tu re .  P r o d u c t i o n  
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O f  sha le  o i l  (Tab le  I )  h y d r o p r o c e s s i n g  and d i s t i l l a t i o n  o f  t h e  
hydroprocessed p r o d u c t  was c a r r i e d  o u t  a t  NASA's Lewis Research C e n t e r  
bench-scale h y d r o p r o c e s s i n g  f a c i l i t y .  The p rocess  f l o w  d iag ram ( F i g u r e  
1 )  shows t h e  J e t  f u e l  p r e p a r a t i o n  f rom c rude  s h a l e  o i l .  

EXPERIMENTAL 

Ue-ashed and de-watered s h a l e  o i l  c o n t a i n i n g  39% hydrocarbons (20% 
alkanes.  ZU2 a romat i cs ,  2 5 %  aromat i c  r e s i n s ,  35% o l e f i n s  and naph thenes )  
and 61X nonhydrocarbons (60% n i t r o g e n  101 s u l f u r  and 302 oxygen 
compounds) was f r a c t i o n a t e d  below 343dC. 
hydrogenated i n  a r e a c t o r  ( l e n g t h  1.524 m and d i a m e t e r  0.0508m) 
c o n t a i n i n g  American cynamide HOS-3A. Ni-Mo/AI2O3) c a t a l y s t  o f  .025cm 
e x t r u s i o n s .  The r e a c t o r  c o n t a i n e d  f o u r  c a t a l y s t  zones between 
n o n - r e a c t i v e  zones o f  A I Z O 3  e x t r u s i o n s  o f  0 . 3  cm d iamete r .  A lumina 
zones equipped w i t h  w a l l  heat-exchangers m a i n t a i n e d  n e a r l y  c o n s t a n t  
r e a c t i o n  tempera tu re .  
f o u r  o u t s i d e  w a l l  e l e c t r i c  h e a t e r s  and t h e  hydrogen p r e h e a t i n g  (300 C )  
was accompl ished by t h e  e l e c t r i c  h e a t e r  a t  r e a c t o r  t op .  The s p j c e 3  
v e l o c i t y  of t h e  s h a l e  o i l  l i q u i d  i n  t h e  r e a c t o r  was 0.99-9-95 m /m hr  
and t h e  hydrogen comsumption was a p p r o x i m a t e l y  280 s t d .  m /m O f  s h a l e  
o i l .  Shale 8 i l  f r a c t i o n s  werq h y d r o t r e a t e d  a t  p6ocess ing  s e v e r i t i e s :  
(A)  h igh=416 C and 1.413 x 10 4pa ( 8 )  medium 382 C and 1.396 x 10 kpa 
(C) low = 354OC and 1.327 x 10 kpa. 
comsumption i n  s h a l e  o i l  a t  d i f f e r e n t  p r o c e s s i n g  s e v e r i t i e s .  The 
hydroprocessed s h a l e  o i l  was f r a c t i o n a t e d  ( b o i l i n g  range = 121-30Ooc) t o  
produce j e t  f u e l .  Throughout  t h e  d i s c u s s i o n ,  T i s  a t e m p e r a t u r e  r a t i o  
i n d i c a t i n g  t h e  s e v e r i t y  o f  t h e  r u n  compared w i t !  h i g h  s e v e r i t y  
T H = ~ .  U-hf yh s e v e r i t y ,  TR=O. 92-medium s e v e r i t y  , TR =0.85-low s e v e r i t y .  

Shale o i  1 f r a c t i o n s  were 

The r e a c t o r ' s  f o u r  c a t a l y s t  zones were h e a t g d  by 

F i g u r e  2 demonstrates hydrogen 

HESULTS AND O I S C U S S I O N S  

Hydroprocessed s n a l e  o i l  j e t  f u e l s  were d i s t i l l e d  (ASTM 0-86)  a t  
d i f f e r e n t  b o i l i n g  ranges ( F i g u r e s  3 ,  4. and 5 ) .  The average b o i l i n g  
range of  t h e  h i g h .  me#i.um and l o w  s e v e r i t y  hydroprocessed s h a l e  o i l  j e t  
f u e l  c u t s  was IbU-1YU L f o r  t h e  10 volume p e r c e n t  d i s t i l l a t e  and 
Zb0-Z7U°C f o r  t h e  YU volume p e r c e n t  d i s t i l l a t e .  Low and medium s e v e r i t y  
j e t  c u t s  have h i g h e r  b o i l i n g  ranges t h a n  h i g h  s e v e r i t y  c u t s  because t h e y  
c o n t a i n  more heavy hydrocarbons and h e t e r o c y c l i c  compounds. The 
d i s t i l l a t i o n  tempera tu res  and t h e  volume p e r c e n t  r e c o v e r y  o f  t h e  s h a l e  
o i l  j e t  f u e l s  a r e  comparable t o  t h o s e  o f  s t a n d a r d  p e t r o l e u m  j e t  f u e l s  
(Tab le  1 1 ) .  
S h e l t o n  C41 who o b t a i n e d  a maximum b o i l i n g  p o i n t  o f  195 c f o r  10 volume 
p e r c e n t  and 255OC f o r  YU volume p e r c e n t  recove ry  o f  a p e t r o l e u m  f u e l .  

The r e s u l t s  c l o s e l y  agree w i t h  t h e  i n v e s t i g a t i o n s  o f  

Table 11:  Petro leum J e t  Fue l  P r o p e r t i e s  
( A S T R  Hethods )  

Hydrogen c o n t e n t ,  wtZ 
A romat i cs  c o n t e n t ,  v o l %  
N i t r o g e n  c o n t e n t  ( t o t a l  1, ppm 
S u l f u r  c o n t e n t  (mercaptan) .  w t %  
S u l f u r  c o n t e n t  ( t o t a l ) ,  w t Z  
Naphthalenes c o n t n t .  v o l %  
O i s t i l l a t i o n  temperature,  OC 

I n i t i a l  b o i l i n g  p o i n t  
10 ( V O I Z )  

63 

16.00 max 
20 max 

5 max 
U.OU3 max 

0.3 max 
3 max 
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50 (VOIZ) - 
9u (vel%) - 
F i n a l  b 8 i l i n g  p o i n t  300 max 

F l a s h p o i n t ,  C 38 max 
G r a v i t y  ( s p e c i  f i 6, 15/15OC 0.7753 t o  0.8398 

V i s c o s i t y  a t  -20Oc. m2/s 8 x max 
Net hea t  o f  combustion, kJ /kg  ( B t u / l b )  42.800 (18,400) m i n  

F r e e z i n g  p o i n t .  C -40 

N i t r o g e n  c o n t e n t  ( F i g u r e  6 )  i n  a l l  s e v e r i t i e s  i s  h i g h  i n  Tosco I 1  
and low i n  O c c i d e n t a l  j e t  f u e l .  The amounts o f  Yeak Base I and 
non-basic  n i t r o g e n  compounds a r e  v a r i a b l e  i n  d i f f e r e n t  t y p e s  o f  s h a l e  
O i l  j e t  f u e l s .  H i g h  s e v e r i t y  h y d r o t r e a t m e n t  s i g n i f i c a n t l y  decreases [5 ]  
t h e  n i t r o g e n  c o n t e n t  o f  Weak Base I and non-basic  n i t r o g e n  compounds. 
and Weak Base I can be removed more e a s i l y  t h a n  non-basic  n i t r o g e n  
d u r i n g  hyd rop rocess ing .  H igh  s e v e r i t y  O c c i d e n t a l  s h a l e  o i l  c o n t a i n s  t h e  
l o w e s t  amount (0.U3 w tZ )  o f  n i t r o g e n  o f  a l l  s h a l e  o i l  j e t  f u e l s .  T h i s  
amount i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f  p e t r o l e u m  j e t  f u e l  (1 -5  
ppm). The n i t r o g e n  c o n t e n t  i n  low s e v e r i t y  j e t  f u e l  i s  a lways h i g h e r  
t h a n  t h a t  o f  n i g h  s e v e r i t y  j e t  f u e l .  

Tab le  I 1 1  shows t h e  p r o p e r t i e s  o f  s h a l e  o i l  j e t  f u e l s  and a l s o  
demonstrates t h a t  s u l f u r  removal i s  p r o p o r t i o n a l  t o  s e v e r i t y .  H i g h  
s e v e r i t y  j e t  f u e l s  have t h e  l o w e s t  s u l f u r  c o n t e n t  (0.003 wtZ) .  Even t h e  
s u l f u r  c o n t e n t  i n  l ow  s e v e r i t y  j e t  f u e l s  i s  l o w e r  t h a n  t h a t  o f  p e t r o l e u m  
j e t  f u e l  (U.30 wtZ maximum). 

I n c r e a s e  o f  hydrogen c o n t e n t  (Tab le  111) i n  s h a l e  O i l  j e t  f u e l s  i s  
p r o p o r t i o n a l  t o  t h e  s e v e r i t y  o f  hyd ro t rea tmen t .  S e v e r i t y  i n c r e a s e s  
s a t u r a t i o n  and c r a c k i n g  o f  hydrocarbons,  t h e r e b y  i n c r e a s i n g  t h e  
hydrogen/carbon r a t i o .  l iunberger  r e p o r t e d  [6 ]  t h e  i n c r e a s e  o f  hyd rogen  
c o n t e n t  f rom 11-40 wtZ t o  13.0 w t X .  The hydrogen c o n t e n t  (13-14 w t Z )  i n  
s h a l e  o i l  j e t  f u e l  i s  r e l a t i v e l y  l o w e r  t h a n  t h a t  o f  s t a n d a r d  p e t r o l e u m  
j e t  f ue l ,  wh ich  i s  16 wtZ. A romat i c  c o n t e n t  i n  s h a l e  j e t  f u e l s  
decreases w i t h  s e v e r i t y  because o f  h y d r o c r a c k i n g  process.  The e f f e c t  O f  
s e v e r i t y  on a r o m a t i c  c o n t e n t  i s  t h e  h i g h e s t  f o r  Paraho. w h i l e  O c c i d e n t a l  
shows t h e  l owes t .  The a r o m a t i c  c o n t e n t  i n  s h a l e  o i l  j e t  f u e l s  (excep t  
Paraho) i s  y e n e r a l l y  h i g h e r  t h a n  i n  t h a t  o f  p e t r o l e u m  j e t  f u e l .  w h i c h  i s  
a t  maximum 20% by volume. 

t h a t  o f  p e t r o l e u m  j e t  f u e l  (-4U°F) because s h a l e  j e t  f u e l s  c o n t a i n  
h i g h e r  s a t u r a t i o n  f r a c t i o n s .  p a r t i c u l a r y  h i g h e r  n -a l kanes  [7]. f r e e z i n g  
p o i n t  decreases w i t h  i n c r e a s i n g  s e v e r i t y .  O the r  p h y s i c a l  p r o p e r t i e s  
such as f l a s h  p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y  o f  t h e  s h a l e  j e t  
f u e l s  decrease (Tab le  111)  w i t h  s e v e r i t y ,  and t h e  va lues  i n  a l l  
s e v e r i t i e s  a r e  w i t h i n  t h e  a c c e p t a b l e  l i m i t  o f  p e t r o l e u m  j e t  f u e l  
s p e c i f i c a t i o n s .  S e v e r i t y  has l i t t l e  e f f e c t  on h e a t i n g  va lues  o f  s h a l e  
J e t  f u e l s  and t h e  va lues  a r e  comparable t o  t h o s e  o f  p e t r o l e u m  j e t  f u e l s .  

CONCLUSION 

The f r e e z i n g  p o i n t  o f  s h a l e  j e t  f u e l s  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  

1. H igh  s e v e r i t y  s h a l e  o i l  j e t  f u e l s  c o n s t i t u t e  t h e  hydrocarbons o f  
more d i f f e r e n t  b o i l i n g  p o i n t s  t h a n  low and medium s e v e r i t y  j e t  
f u e l s -  A romat i c  and heavy hyd roca rbon  c o n t e n t s  i n  low and medium 
s e v e r i t y  a r e  h i g h e r  t h a n  i n  h i g h  s e v e r i t y  j e t  f u e l s .  
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2. I n c r e a s i n g  s e v e r i t y  enhances n i t r o g e n  and su Fur removal. N i t r o g e n  
c o n t e n t  i s  above, w h i l e  s u l f u r  c o n t e n t  i s  much below. t h e  a c c e p t a b l e  

l i m i t  o f  t h a t  o f  p e t r o l e u m  j e t  f u e l .  

3. I n c r e a s i n g  s e v e r i t y  i n c r e a s e s  hydrogen whi l e  i t  decreases a r o m a t i c  
con ten t .  Hydrogen c o n t e n t  i s  a l i t t l e  l o w e r  w h i l e  a r o m a t i c  c o n t e n t  
i s  s l i g h t l y  h i g h e r  t h a n  t h a t  o f  p e t r o l e u m  j e t  f u e l -  

i n c r e a s i n g  s e v e r i t y ,  and t h e  l e v e l s  i n  a l l  s e v e r i t i e s  a r e  w i t h i n  
a c c e p t a b l e  l i m i t s .  The f r e e z i n g  p o i n t  i s  enhanced w i t h  i n c r e a s i n g  
s e v e r i t y  and i s  above t h e  a c c e p t a b l e  l i m i t .  

conc luded  t h a t  h i g h  s e v e r i t y  hyd rop rocessed  Paraho j e t  f u e l  a f t e r  
p r o c e s s i n g  c a n  be c o n s i d e r e d  as an a l t e r n a t i v e  t o  c o n v e n t i o n a l  j e t  
f u e l .  

4. F l a c h  p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y  decrease w i t h  

5 .  I n c r e a s i n g  s e v e r i t y  enhances y i e l d s  o f  j e t  f u e l s .  I t  can be 
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Figure  1. Process  Flow Diagram t o  produce S h a l e  Oil J e t  Fuel 
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Figure  2 .  Hydrogen Consumption i n  S h a l e  Oil Hydroprocess ing  
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Figure 3. High seve r i t y  Shale O i l  Je t  Fuel 
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Figure 4. Medium s e v e r i t y  Shale O i l  J e t  Fuel 
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EFFECTS OF PARTICLE SIZE AND AIB FLOW BATES ON TEE RUNAWAY 
TEHPBBATuBB OF BITUMINOUS COAL AT 2 9 0 K  < T < 7OOK 

* *  V. M. Malhotra* and J .  C. Crelling 

* Department of Physics * *  Department of Geology 
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INTRODUCTION 

Spontaneous ignition and combustion of coa 
problems not only for actual mining of coal but also 
transportation and for industrial users. Most coals are prone to 
spontaneous combustion, but their susceptibility to ignition increases 
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this straight rank order susceptibility. Chamberlain and Hall (1) 
have in fact, pointed out that some higher rank coals may be more 
susceptible to spontaneous ignition than lower rank coals. 

The causes and mechanisms of spontaneous ignition are enigmatic 
because exceptions exist for every previously-suggested, single cause. 
Several models have been advanced to describe spontaneous heating (1- 
4), however. Among these are coal rank , electrostatic effects, 
geological factors, temperature, microbial ignition, the reduction in 
reactivity due to deterioration, air flow rates, particle size, pyrite 
content, porosity and water wetting of coal. 

The purpose of this research was to examine the factors which 
may contribute to spontaneous ignition of ultrafine ( particle size < 
250 p m  ) bituminous coals and maceral enriched fractions under 
storage, air flow and/or dense phase pneumatic conditions and to 
understand physical interactions and chemical reactions pathways which 
may lead to spontaneous ignition of bituminois coals. We have 
initiated spontaneous ignition, FTIR, DSC, TCA and EPR measurements to 
accumulate data which can be used to propose mathematical models for 
spontaneous ignition of stored and pneumatically conveyed coals. In 
this report, we present our preliminary results on a high-volatile 
bituminous coal subjected to ignition temperature and FTIR 
measurements. 
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To examine the effects of air flow temperature, particle 
size and air flow rates on the surface properties of coal, a high- 
volatile bituminous coal from Elkhorn # 3  seam ( Kentucky ) was chosen. 
The coal samples were crushed and sieved and were divided into 
following perticle size renges : < 4 4  p a  , >63pm < ? 5 P m ,  ??5pm <106Um. 
>106pm <150Pm, >150pm <250Pm, >250pm <300Pm, >850Pm <900Pm. 

The experimental arrangement used for determining the 
effects of air flow temperature and air flow rates on the coal's 
surface temperature is shown diagrammatically in Figure 1. The coal 
samples were packed in a quartz tube (lOxlZOmm), and the sample tube 
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was inserted in the combustion tube assembly. The reaction zone was 
supplied with two thermocouples (T and T ) whose hot junctions were 
positioned along the axis of the sAmple bgd. Thermocouple T 
monitored the temperature of the fluid at the entrance of tze sample 
tube; while thermocouples T1 and T3 monitored the temperature of the 
sample and exit gases, respectively. The sample tube's location in the 
tube ( 750mm length ) was determined by the residence time required by 
the flowing gas to attain the required stable temperature at the 
entrance of the sample tube. The gas temperature was monitored for 1 
hour before the sample tube was inserted in the combustion tube 
assembly. The compaction and packing of the sample in the tube plays 
an important role in determining whether exothermic reactions resulted 
or not. Therefore, every effort was made to ensure uniform compaction 
of the sample for each run. 

Two grams of coal sample of various particle sizes 
were inserted in the sample tube and subjected to ignition 
experiments. Ignition was arbitrarily defined as the lowest air 
temperature which caused any part of the sample to exceed 150 K above 
the set temperature of the furnace. This value was chosen as an 
indication of a runaway reaction. Experience has shown that a rapid 
temperature rise, if one were to occur at all, would take place within 
a few minutes of the introduction of air, generally less than 20  
minutes. If ignition did not occur, a fresh batch of the coal sample 
was used and the air temperature raised 10K higher than before air was 
introduced and the sequence was repeated. All FTIR spectra were 
obtained on an IBM IR-32 FTIR spectrometer equipped with an IBM 9000 
comupter. The alkali halide pellet technique was employed to record 
the spectra. 

RESULTS AND DISCUSSION 

Ignition Experiments: 

showed that the ignition temperature is strongly dependent on the mode 
of preheating the sample to the ignition temperature point, particle 
size, air flow rates, and sample compaction. When using air alone for 
preheating, it was found to be impossible to attain a uniform sample 
temperature just before ignition. Accordingly, a technique was 
evolved to first raise the temperature of the sample close to the 
ignition temperature by passing a stream of hot nitrogen or carbon 
dioxide through the sample. Once the constant temperature of the 
sample was obtained, the stream of gas was switched to air. A similar 
inert preheating procedure has been used by Hardman et.al. (5) to 
determine the spontaneous ignition temperature of activated carbone. 

Ignition experiments on high-volatile bituminous coals 

The ignition temperatures of three, high-volatile bituminous 
coals from Elkhorn #3, Ohio #5 and Pittsburgh seam are reported in 
Table 1. These three coals were chosen because of their large 
differences in their petrographic composition, especially in their 
vitrinite and exinite content. It has been suggested (1,2) that there 
is a close relationship between the coal maceral type and spontaneous 
oxidation potential. Chamberlain and Hall ( 1 )  demonstrated this kind 
of role when they found that exinites oxidized much more readily than 
vitrinites and inertinites. If such is the case then one will expect 
Ohio # 5  coal to show the lowest ignition temperature. In fact, Ohio 
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#5 shows the highest ignition temperature among the three coals 
examined. Our preliminary results suggest that there may not be any 
correlation between the petrographic composition and ignition 
temperature, The sample bank, on which ignition experiments are 
conducted, needs to be expanded before arriving at definite 
conclusions. 

TABLB 1 
Ignition Temperatures of Three Eigh-Volatile Bituminous 

Coals and Their Selected Petrographic Parrveters. ..................................................................... 
Elkhorn #3 Ohio #5 Pittsburgh 

Seam Sear Seam 

900 900 900 Air Flow Rate (cm /min) 
Particle Size (pm) (45 <45 (45 
Ignition Temperature (K) 5 9 3 f 1 0  683f10 6732 10 
Reflectance ( X )  0.93 0.74 0.79 
Exinite (~01%) 9.10 26.20 3.90 
Vitrinite (~01%) 75.20 55.30 84.20 
Volatile Matter (wtx) 33.86 34.70 35.80 
Fixed Carbon (wtX) 57.12 43.70 53.20 
Moisture (wt%) 2.45 4.20 1.40 
Ash (wt%) 6.57 17.40 9.60 

-_________-______------------------------------------------.--------- 
3 

Effects of A i r  Flow Temperature : 
Surface reactions of coal under dense-phase pneumatic 

transport or under storage conditions play a crucial role in 
determining the initial heatup of coal. Consequently, it is of 
interest to determine the exothermic reaction pathways and the effects 
of the physical parameters on such reactions. The Elkhorn #3 seam 
coal was chosen to evaluate these effects since it showed the lowest 
ignition temperature. When coal samples of various particle size were 
inserted in the ignition tube assembly at temperatures lower than the 
ignition temperature, a typical 'particle temperature VS. time' plot 
is observed and is shown in Figure 2. Based on these profiles two 
parameters are defined: 

AT = Runaway Temperature T ' - Tg(t) 

At = Heatwidth = Time period for which Ts(t)>T (t), 

1) 

2) €! 
where T ' is the maximum coal surface temperature, T (t) is the coal 
surfaceStemperature at time t, and T (t) is the tempgrature of the 
flowing air at time t. Even though Af is arbitrarily defined, it 
represents the rise in coal surface temperature due to exothermic 
reactions under air flow conditions. In addition, AT and ht measures 
the overall energy balance since they are related to the generation 
and dissipation of heat. 

values for'Elkhorn #3 coal, respectively for three particle sizes. AT 
and Gt values were determined by using nitrogen preheat treatment 
before introducing air stream. The results indicate that there is a 
sudden jump in GT value at T 1 493 K for particle size < 106 pm. As 
the particle size increases,lthe T value required to induce a sudden 
jump in AT value also increases. 8n fact, for particle size > 850 pm 

Figures 3 and 4 show the effect of air flow temperature 
( 2 9 0  ii < T < 700 K i  011 ruiiawag temperature (AT) sfid heatwidth (!it) 
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no jump in AT value is observed at 290 K < T < 700 K with or without 
inert gas preheat treatment. 
critical particle size below which Elkhorn #3 coal will be very 
susceptible to spontaneous ignition. This result is at variance with 
the recent numerical model proposed by Brooks and Glasser (3). From 
their numerical solution of the steady state equations, they suggested 
that the coal in the particle size range of (sub 1 mm) > (particle 
size) < (6 mm) is most susceptible to spontaneous combustion. Their 
prediction of the particle size effect on the spontaneous ignition is 
not consistent with our experimental results. 

runaway temperature and heatwidth of Elkhorn # 3  seam were also 
examined. To determine these effects, the air flow temperature T = 
493 K was chosen since a sudden jump in AT value was observed at &his 
temperature. The samples were inserted into the ignition tube 
assembly under air stream. The results are shown in Figures 5 and 6 
for particle size and air flow rates, respectively. The experimental 
data suggests a power relationship between the runaway temperature 
(AT) and the particle size of coal. 
under air flow rate of 900 cm3/min suggests a relation: 

This result suggests that there is a 

The effects of air flow rates and coal particle size on 

The coal surface temperature (Ts) 

TS = T t 4726 (Particle Size, Pm) -0. a4 
€! 3) 

Schmidt and Elder (6) have suggested a correlation between the rate of 
oxidation and particle size. 

Rate of oxidation = K 3  (Specific Surface , 4) 

where K is a constant dependent on both rank and temperature. It can 
be seen that our results cannot be explained by equation 4 even if it 
is assumed that particle shape is random. Our results suggest that 
Elkhorn #3 coal will be most susceptible to spontaneous ignition for 
particle size < 150 Pm. The runaway temperature shows a parabolic 
dependence on the air flow rates. The data shown in Figure 6 for > 63 
pm < 75 pm particle size was fitted to a 3rd order polynomial: 

Ts = Tg - 3.80 t 0.12 (Air5Flow Rate) t 
8.3 x 10 (Air Flow Rate) 5 )  

These results indicate that the susceptibility of spontaneous ignition 
will increase as the coal particle size decreases. In addition, there 
may be a critical air flow rate range for which heat generated may 
exceed heat dissipated. 

F T I R  Ueaeurements : 

bituminous coal to determine the effect of air flow temperature (T ) 
on the structure of coal. 
were the same samples which were subjected to air flow temperature 
measurements (i.e., Figure 3, < 43 pm). The samples were withdrawn 
frgm the ignition tube assembly after reacting with flowing air (900 
cm /min) at 290 K < T < 700  K for 10 hours. Figure 7 shows the effect 
of air flow temperature (T ) on the FTIR spectrum of Elkhorn #3 coal. 
The details of the FTIR anglysis of bituminous coal and the effects of 
low temperature ((42333 oxidation on its vibrational spectrum have 
been reported earlier in the literature (7-9). The assignment of the 

FTIR measurements were carried out on the Elkhorn #3 seam 

The samples used for the FTIR measuremeffts 
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observed vibrational bands was based on these published works. The 
FTIR spectrum of unprocessed Elkhorn #3 coal can by characterized by : 
(a) A very broad band with maximum near - 3350 cm was observed and 
is attributed to hydroxyl (-OH) groups. However, it was not possible 
to discern whether this band was due to moisture in KBr pellets, 
moisture in coal or hydroxyl groups which are part of organic matrix. 
We believe that this band is due, in fact, to a combination of the 
three sources mentioned above. 
was assigned to aromatic CH stretch. 
two main absorption peaks at 2920 and 2850 cm were observed and are 
attributed to CH groups and aliphatic CH , , and CH groups, 
respectively. (da A weak shoulder at 17003cmCH2was observed and is 
assigned to C:O stretcp. 
absorption at 1600 cm , and it is believed that some oxygen 
containing functional groups also contribute to its intensity. (f) The 
medium intensity band at 1445 cm is due mainly to CH groups in 
coal. However, CH bending mode and aromatic stretchin3 vibrations may 
also contripute ti the intensity of this band. The weak observed band 
at 1375 has been assigned to CH groups. ( g )  A weak absorption at 
1261 cm-(imhas been assigned tolether: of the types C H -0-CH3 or -CHZO- 
CH3- . In additiop to 1261 cm 
around 1160 cm was also observed and is assigned to aldehydes 
and/or ketones and/or ether groups in the Elkhorn coal. (h) Three 
absorption bandy were observed in the aromatic region i.e., at 870, 
812 and 754 cm 
substityted benzene rings and to aromatic HCC rocking. The band at 
812 cm has been attributed to substitu ed benzene rings with two 
neighboring H, while the band at 754 cm-' is assigned to 
monosubstituted benzene rings and 0-substituted benzene rings. 
Additional bands due to inorganic materials were also observed but 
will not be discussed in this paper. 

The effects of air flow temperature (T ) on the FTIR 
spectra of Elkhorn #3 coal in the frequency range 4006 - 1100 cm- 
have been summarized in Table 2. The absorbance changes reported in 
this table were determined by subtracting the unprocessed coal 
spectrum from the processed (290K < T < 700K) coal spectrum. It was 
not possible to follow the changes in'lhe organic bands of the 
processed coal at frequency < 1100 cm- due to strong overlapping 
inorganic bands. Attempts were made to remove the contribution of the 
inorganic bands by subtracting the spectrum of low temperature ash. 
However, this subtraction resulted in erroneous bands in the 
difference spectrum due to changes in the intensity and broadening of 
the inorganic bands at T 
on the intensity oflaromgtic CH stretch at 3034 cm- and aliphatic CH 
stretch at 2917 cm is shown in Figures 8 and 9, respectively. Figure 
10 shows the absorbance changes in the accumulative oxygen 
functionalities of coal as a function of air flow temperature. The y- 

1780 - 1700, and 1560 cm-':*At T 
observed signifying that all the'organic matter in coal has combusted. 
Thus the absorbance change points at T L 640K in the graphs 8,9 and 
10 represent a net loss of these functfonal groups i.e., all the 
organic matter is lost. 

- 1  (b) A weak absorption band at 3030 cm 
(c) A shoylder at 2960 cm and 

(e) The.aromatic C:C bonds produced a strong 

band, a broad weak blnh centered 

. The band at 870 cm-l has been assigned to 

473K. The effect of airlflow temperature 

A of this graph repres the SUI of absorbance changes at i835, 
1 640K, only inorganic bands were 
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343 2913(+),2845(+),1700(t),1445(+) 
393 2917(-),2851(-),1835(t),1770(t~,1700 

1021(-) 

1375(-),1109(+) 

1445(-),1219(+) ,1136(+) 

443 3034(-),2917(-),2851(-),1770(t)~1700 

493 3034(-),2917~(-),2851(-),1835(t)~1770 

+),1445 

t) ,1560 

t),1725 

t )  ,1555( t 

+),1560(+ 

-),1441(- 

t Sign indicates that absorption increased or new bands appeared. 
- Sign indicates that abs rption decreased or bands disappeared. 
% At frequency < 1200 cm-', it was difficult to follow the organic 

**  Only inorganic bands were observed. bands due to overlapping inorganic bands. 

__---___________________________________------------------------------ 
The increase in iftensity of aliphatic vibrations ( i.e., at 

2917, 2851, and 1445 cm- ) at T i 343K was most surprising. At these 
low temperatures a loss of some volatile matter is expected, and this 
loss should result in a decrease in the intensities of aliphatic 
vibrations. No intensity enhancement of these vibrations results if 
nitrogen or carbon dioxide is used under identical gas flow and 
temperature conditions. The intensity of the vibrational bands not 
only depends on the concentration of the functional groups in the 
sample but also on their dipole moment i.e., on the transition 
probability. We do not believe that the concentration of aliphatic 
groups has increased at T i 3433, but we conjecture that an oxygen 
attack on coal somehow alfers the dipole moment of the aliphatic 
groups at this temperature. At T > 343K there is a steady qecrease in 
the intensity of aliphatic bandsgat 2917, 2851 and 1445 cm- 
major decrease located at 393K i T i 4933. As can be seen from Figure 
9, there is no correlation between'the absorbance change and the 
runaway temperature of this coal. Silfilar results were observed for 
aliphatic bands at 2851 and 1445 cm- . These results suggest that the 
loss of aliphatic groups from the coal matrix, in the form of volatile 
products, plays a little role in the magnitude of the runaway 
temperature. Under air flow conditions, the volatile products are 
expected to be swept away from the sample toward the exhaust of the 
combustion tube, thus drastically decreasing the residence time of 
volatile products around the sample. If the volatile combusts on the 
coal's surface as it leaves the coal, the combustion exothermic 
reactions should contribute to the runaway temperature. It is possible 
that these exothermic reactions contribute to the early profile of 
heatwidth. but it seems unlikely since no correlation exists between 

, with a 
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absorbance changes at 2917, 2851, and 1445 cm-l and heatwidth. 
Figure 8 shows that the aromatic CH stretch vibration at 3030 cm-l 
remains unchanged at 290K < T < 400K. However, it is interesting to 
note that as the runaway temperature increases the intensity of CH 
stretch vibration decreases. This decrease is mirrored along with 
ylterations in the aromatic region's vibrations i.e., at 900 - 700 cm- . At present it is not possible to calculate the absorbance changes 
in this region due to interference from inorganic bands. The 
dependence of aromatic stretch vibration on the runaway temperature 
strongly suggests that it is the oxidation of the aromatic groups that 
results in major contribution to the runaway temperature. s T 
increases from 2933, the C:O stretch vibration at 1700 cm-* inseases 
and shows maximum contr'bution at 443K. Mirrored with the increase in 
C=O stretch at 1700 cm-* a very broad, weak band is observed in OH 

. stretch, suggesting the formation of carboxylic acid groups largely of 
aliphatic type. It seems that the oxidation of aliphatic groups 
attached to the aromatic structure contributes very little to the 
runaway temperature. At 4933 i T 
1835, 1770, 1725, 1560, 1300 - lQO0 cm- appear in the spectrum, 
indicating massive oxidation reactions in coal which leads to the 
formation of anhydrides, aldehydes, lactones, esters, ketones and 
ethers. Figure 10 shows the effect of air flow temperature on the 
accumulative absorbance changes in t e oxygen functional groups at 
1835, 1770, 1725, 1700, and 1560 cm-' of Elkhorn #3 coal. These 
results clearly show that these oxidation reactions make major 
contribution to the heat generated i.e., to runaway temperature. It 
was surprising that at T I 4933, with the coal's surface temperature 
reaching 790K, complete Bombustion of the sample did not result. It 
appears that the oxygen functional groups generated on the surface of 
coal inhibit complete combustion reaction at T i 593K. Diffuse 
reflectance - and photoacoustic - FTIR studies'are in progress on 
these samples to evaluate the effects of incomplete combustion 
reactions and runaway temperature. 

This work was supported in part by U.S. Department of Energy under 
contract No. DE-SC22-86PC91272. 

i 5937, strong absorbance bands at 
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COAL-WATER nIxmw COMBUSTION USING OXYGEN-ENRICHED AIR AND STAGED FIRING 
Y.C. Fu, G.T. Bellas, and J.I. Joubert 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 

P.O. Box 10940 
Pittsburgh, Pennsylvania 15236 

ABSTRACT 

Coal-water mixture (CWM) combustion experiments using oxygen-enriched air 
were conducted in an oil-designed 700-hp watertube boiler using a bituminous CWM. 
The results indicated that the use of oxygen-enriched air increased carbon 
burnout, reduced uncontrolled fly ash emissions, and reduced combustion air 
preheating requirements. The boiler efficiency increased because of reduced flue 
gas heat losses. The improvement in boiler performance compared to an experiment 
without oxygen enrichment was significant when using only 2-3 percent enrichment 
of air (23-211 volume percent oxygen). Using combustion air enriched to 22.7 
percent oxygen by volume, the required air preheating temperature was reduced to 
1920F as compared to 325OF required with no oxygen enrichment, while the carbon 
conversion efficiency at full boiler load was increased from 95.0 percent to 97.4 
percent. 

Experiments on CWM combustion were also conducted using staged firing with 
and without oxygen-enriched air. The NOx reduction achieved at a first-stage 
air/fuel stoichiometric ratio of 0.76 was about 33 percent, but it was accompanied 
by a reduction in combustion efficiency and an increase in particulate emissions. 
The use of oxygen-enriched air in the burner zone increased flame stability and 
carbon burnout while maintaining the effectiveness of staged combustion; however, 
additional experiments are needed to optimize burner-operating parameters to 
achieve significant NOx reduction. 

INTRODUCTION 

The use of oxygen-enriched air for coal-water mixture (CWM) combustion could 
result in several positive effects on boiler performance: (1) preheated air 
requirements should be reduced or eliminated, thereby permitting the use of CWM in 
smaller industrial boilers that do not usually have high-temperature air 
preheaters; (2) the volume and velocity of the flue gas will be reduced, 
decreasing potential erosion problems in the boiler convection banks; and 
(3) boiler efficiency should increase because of reduced stack heat losses, 
partially compensating for loss in boiler efficiency owing to water in the slurry. 
Taschler et al. examined the impact of these effects on boiler operating economics 
and steam generation capacity in large-scale boilers (1). 

Coal-water mixture combustion experiments using oxygen-enriched air were con- 
ducted at Pittsburgh Energy Technology Center (PETC) in a 700-hp watertube boiler 
using a commercial CWM fuel prepared from bituminous coal. The objectives of 
these tests were to determine (1) the optimal point of oxygen injection, (2) the 
minimal oxygen concentration required to stabilize the CWM flame without 
preheating the combustion air, and (3) the effects of boiler load conditions on 
oxygen enrichment requirements. 

The CWM combustion experiments were also conducted using staged firing with 
and without oxygen-enriched air. Staged combustion is one of the most commonly 
applied NOx-control techniques for coal-fired boilers (2-4). The boiler is 
operated with a primary fuel-rich combustion zone, in which both thermal and fuel 
NOx formation is minimized. The initial combustion step is then followed by a 
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fuel-lean zone to complete the combustion of the residual fuel. Staged combustion 
in the PETC boiler was achieved by Introducing the first-stage air through the 
burner air register, and the second-stage air through three air ports installed on 
a side wall of the boiler. 

EXPERIMENTAL 

The test unit is a Nebraska 700-hp "D"-type watertube industrial boiler 
originally designed for No. 6 oil firing. The boiler generates about 24,000 lb/hr 
of steam at full load. Figure 1 is a sectional plan view through the firebox and 
convection section of the boiler. Preheated combustion air is provided by an 
external source. The Coen single-air-zone register provided with the boiler was 
modified for these experiments. One of two modifications made to the air register 
was a diameter change of the sheet metal shroud, which increased the secondary-air 
linear velocities at the exit throat of the register. The other simple change was 
the insertion of a center air tube to establish a stable flame front. The center 
tube has a fixed air spinner, and both the center-tube-air and secondary-air feeds 
have independent flow-control systems. This allows considerable flexibility in 
burner-operating capabilities (5). Extensive instrumentation and a computer- 
controlled data acquisition system provide a large amount of data for detailed 
analysis and evaluation of the experiments. 

Tertiary (second-stage) air is injected through three ports installed at 
approximately one third of the furnace length from the front wall. The port 
design incorporates removable sleeves to allow changing of port size to permit 
control of the second-stage air flow and the injection pattern. 

Figure 2 is a cross-sectional view of the burner used for  oxygen-enrichment 
tests. Oxygen is introduced through a specially fabricated oxygen guide tube 
( 3  1/2-inch schedule-10 Monel pipe) surrounding the burner-gun guide tube. A Coen 
nozzle with eight 15/64-inch holes and a 600 spray angle was used. A 300 
cocurrent center-air diffuser and a 45O cocurrent oxygen-guide-tube diffuser were 
installed during the combustion experiments. 

CWM COMBUSTION USING OXYGEN-ENRICHED AIR 

The use of oxygen-enriched combustion air reduces the amount of nitrogen 
flowing through a combustion process, resulting in elevated flame temperatures. 
Figure 3 shows adiabatic flame temperatures for the combustion of CUM with oxygen- 
enriched air at an oxygen/fuel stoichiometric ratio of 1.15. Theoretical flame 
temperature curves were generated at combustion air preheating temperatures of 77O 
(ambient), 300°, and 500°F using the PETC Multiphase Equilibrium Program for a CWM 
containing 70 percent Pittsburgh seam bituminous coal. The adiabatic flame 
temperature using normal air (02 z 20.69 volume percent) preheated to 5OO0F is 
3393OF; the same flame temperature can be achieved by using 23.25 volume percent 
oxygen-enriched air at ambient temperature. 

Because of the reduction in the amount of nitrogen per unit quantity of fuel 
flowing through the furnace, the amount of flue gas from the combustion of CWM 
using oxygen enrichment will be decreased. The decrease in flue gas volume, 
expressed in standard cubic feet per pound of CWM (at 70°F and 14.7 psia), is 
illustrated in Figure 4. For example, at 23 volume percent and 25 volume percent 
oxygen concentrations in the combustion air, and an oxidizer/fuel stoichiometric 
ratio of 1.15, the flue gas quantities decrease by 8 percent and 15 percent, 
respectively, compared to the quantity produced when using normal air. I 

1 
I Oxygen enrichment should reduce combustion air preheat requirements and 

reduce flue gas heat losses. Oxygen enrichment should also provide a greater 
range of flammability and improved flame stability compared to combustion air pre- 

i 
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A commercial CUM, ARC-COAL, produced by the Atlantic Research Corporation and 
containing 70 percent Eastern U.S. bituminous coal, was used in the oxygen 
enrichment experiments (see Table 1). Analysis of the experimental results 
indicates that the addition of oxygen to the combustion air results in higher 
carbon conversion and boiler efficiencies. Using 500°F combustion air at an 
oxygen level equivalent to 22.9 percent by volume in air, a carbon conversion 
efficiency of 97.0 percent and a boiler efficiency of 81.3 percent were obtained 
(see test 2 in Table 2). The base-line test (test 1) at 5000F preheating without 
oxygen enrichment resulted in 95.0 percent carbon conversion and 79.3 percent 
boiler efficiency. Because of the improvement in carbon burnout with oxygen 
enrichment, the carbon content of the fly ash decreased by more than 25 percent 
(Table 3 ) .  As a consequence, particulate emissions were also reduced. With 
oxygen enrichment, however, NOx emissions increased from 0.69 to 1.00 lb NOz/MMBtu 
(tests 1 and 2 in Table 3 ) .  The increased flame temperature due to oxygen 
enrichment apparently increased the formation of thermal NO,. 

Test 3 of Tables 2 and 3 was conducted at reduced boiler load (-70 percent of 
maximum capacity) using oxygen-enriched air. A slight improvement (1%) in carbon 
conversion was obtained compared to test 2, which was conducted at full load. 

Test 4 was carried out at full load and at minimum combustion air preheat 
temperature ( 192OF) using 22.7 percent oxygen-enriched air. An improvement in 
boiler performance compared to the test without oxygen enrichment (test 1) is 
noticeable, even though the preheating temperature was reduced substantially. The 
minimum combustion air preheating required for a stable flame is affected by a 
number of variables, including CWM volatility, heating value, and oxygen 
enrichment (flame temperature). Other variables, such as excess oxygen level and 
combustion air swirl, are also important. With increased oxygen concentration in 
the oxygen-enriched air, the combustion air flow per unit quantity of fuel at a 
constant oxidizer/fuel ratio is reduced. This would reduce the intensity of the 
combustion air swirl and possibly adversely affect the flame stability. 

CWH COMBUSTION USING STAGED FIRING 

Combustion experiments were conducted at full boiler load and at total 
air/fuel stoichiometric ratios of 1.15 to 1.21 using combustion air preheated to 
about 490°F (see Tables 4 and 5 ) .  Stoichiometric ratios of the first-stage air 
(atomizing air plus center-tube air plus secondary air) to fuel were varied 
between 0.76 and 0.97 while the remaining air (tertiary air) was diverted through 
the side wall ports. Boiler operation could not be sustained at a stoichiometric 
ratio less than 0.75 in the primary combustion zone because of flame insta- 
bilities. 

A base-line experiment performed without air staging (with the tertiary air 
ports blocked) produced NO, emission levels of 0.77 lb/MMBtu (see test 1 ,  Tables 4 
and 5). As primary-zone stoichiometry was reduced, emissions of NOx declined; the 
NOx reduction achieved with the primary-zone stoichiometry of 0.76 was about 33 
percent. The reduction in NOx emissions, however, was achieved with some decrease 
in combustion efficiency. As the first-stage stoichiometric ratio was reduced 
from 1.15 to 0.76, the carbon conversion efficiency decreased from 95.7 percent to 
92.2 percent. 

It is apparent that the conditions crested by deep staging (primary zorie 
stoichiometry of less than 0.75) tend to be opposite of those conducive to good 
flame stability and high carbon-conversion efficiencies. Improvements in 
combustion efficiency may be attainable by changing the tertiary-air port location 
and/or velocity to increase the efficiency of tertiary-air mixing in the second 
stage. However, because of limitations in primary-zone temperature and residence 
time, it may be difficult to achieve large reductions in NOx emissions while 
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firing coal or CUM in an oil-designed boiler without exacerbating the problem of 
fuel burnout. 

CWM COMBUSTION USING STAGED FIRING AND OXYGEN-ENRICHED AIR 

One approach to increasing the primary-zone temperature, flame stability, and 
carbon burnout under deep-staging conditions is to use oxygen-enriched air. 
Tables 6 and 7 show the results of CWM combustion experiments using both staged 
firing and oxygen-enriched air. Oxygen was introduced into the primary combustion 
zone through the burner oxygen guide tube (see Figure 2). These experiments were 
conducted using 3560F to 4130F combustion air at 1.14 to 1.16 overall oxygen/fuel 
stoichiometric ratio and at an overall oxygen concentration of about 26 percent by 
volume. Carbon conversion efficiencies ranging from 95.6 percent to 97.8 percent 
and boiler efficiencies ranging from 81.0 percent to 82.8 percent were obtained as 
the oxygedfuel stoichiometric ratio in the primary combustion zone was varied 
from 1.14 (unstaged) to 0.76. 

Carbon conversion efficiency was reduced only slightly and the boiler 
efficiency remained high as the degree of staging increased. However, a reduction 
in NOx emissions was observed when the primary-stage stoichiometry was reduced to 
0.76, as shown in Figure 5. With oxygen enrichment, the measured NOx emissions at 
all primary-stage stoichiometries were higher than those measured in experiments 
conducted with no oxygen enrichment, even though the oxidizer was preheated to a 
higher temperature in the latter experiments. 

These results suggest that the problem of reduced carbon burnout in staged 
combustion can be alleviated with the use of oxygen-enriched air in the burner 
zone while achieving a moderate reduction in NOx emissions. However, even the 
experiment that provided the greatest reduction in NOx emissions resulted in 
levels that are quite high (>0.6 lb NOZ/MMBtu). To further reduce N4, emissions, 
it would be necessary ,to decrease the primary-stage stoichiometry (for this 
furnace, to less than 0.76). Additional experiments are required to determine if 
a significant reduction of NOx emissions can indeed be achieved using oxygen- 
enriched air in a staged combustion system while maintaining a high level of 
carbon conversion efficiency. 

CONCLUDING REMARKS 

The combustion experiments conducted in the 700-hp watertube boiler with 
bituminous CWM indicate that the use of oxygen-enriched air resulted in a decrease 
in the level of air preheating required and an improvement in carbon burnout. The 
reduction in the volume of flue gas lowered heat losses and increased boiler 
efficiency. Using combustion air enriched to 22.7 percent oxygen by volume, the 
air preheating temperature could be reduced to 192OF as compared to -325OF 
required with no oxygen enrichment. The improvement in boiler performance 
compared to the test without oxygen enrichment was noticeable even with the use of 
only 2-3 percent enrichment of air (23-24 volume percent oxygen). 

By using staged air admission during CWM combustion in the oil-designed 
boiler, a reduction in NOx emissions on the order of 1/3 was achieved. The 
reduction in NOx emissions, however, was achieved with some decrease in combustion 
efficiency. Using 490°F combustion air at 15-21 percent excess, as the primary- 
stage stoichiometry was reduced from 1.15 to 0.76, NOx emissions decreased from 
0.77 lb/MMBtu to 0.52 lb/MMBtu while the carbon conversion efficiency decreased 
from 95.7 percent to 92.2 percent. 

The use of oxygen-enriched air in the primary combustion stage increased the 
flame stability and diminished the problem of reduced carbon burnout while achiev- 
ing moderate reduction of overall NOx emissions. Using 356OF to 413OF combustion 
air at 14-16 percent excess and at an overall oxygen concentration of about 26 
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volume percent, NO, emissions decreased from 0.88 lb/MMBtu to 0.65 lb/MMBtu as the 
primary-stage stoichiometry decreased from 1.14 to 0.76. The carbon conversion 
and boiler efficiencies, however, remained high and were in the ranges of 96-98 
percent and 81-83 percent, respectively. 

DISCLAIMER 

Reference in this paper to any specific commercial product, process, or 
service is to facilitate understanding and does not necessarily imply its 
endorsement o r  favoring by the United States Department of Energy. 
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I 

Weight Percent Coal 

Particle Size Consist 
(I minus-200-mesh) 

Proximate Analysis (I) 
Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

AS Received 

70.59 

89 

29.41 
22.40 
42.81 
5.38 

Table 1. Typical Analyses of ARC-Coal 

Dry Basis 

31.73 
60.65 
7.62 

Ultimate Analysis ( I )  
Hydrogen 
Carbon 
Nitrogen 
Sulfur 
Oxygen 
Ash 

Heating Value (Btu/lb) 

Viscosity (CP @ 100 sec-' 
after 50 seconds, 
7g0-8l0F) 

6.82 
56.86 
1.08 
0.53 
29.33 
5.38 

10,140 

584 

Ash Fusion Temperatures (OF) 

Initial Deformation Temp. 
Softening Temp. 
Fluid Temp. 

2580 
2670 
2700 

5.04 
80.53 
1.53 
0.75 
4.53 
7.62 

14,365 



Table 2. Operating Conditions and Boiler Performance, 
CWM Tests with Oxygen Enrichment 

Test Number 1 2 3 4 

02 Vol. % in Comb. Air 20.69 22.91 22.83 22.68 
Overall Oxygen/Fuel 1.16 1.15 1.14 1.25 
Stoichiometric Ratio 

02 Injected (lb/hr) 
Fuel Flow (lb/hr) 
Steam Flow (lb/hr) 
Thermal Input (MMBtu/hr) 
Combustion-Air Temp. (OF) 
Total Air Flow (lb/hr) 
Atomizing-Air Flow (lb/hr) 
Atomizing-Air Pressure (psig) 
Fuel Pressure at Burner (psig) 
Center-Tube-Air Flow (lb/hr) 
Ave. Flue Gas Temo. (OF) 

0 
2791 

24250 
30.20 

50 1 
24656 

1287 
128 
109 

4910 
500 

598 385 618 
2733 1843 2833 

24390 16540 24010 
29.22 19.67 30.04 

49 1 490 192 
21423 14379 25052 

1316 1312 1338 
126 129 130 
105 a8 148 

4749 4516 5804 
509 463 503 

Carbon Conversion Eff. (%) 95.0 97.0 98.1 97.4 
Boiler Eff. . (%) 79.3 81.3 82.2 80.0 
(Heat Loss Method) 

Heat Loss Due to HzO 3.21 3.26 3.21 3.24 
in Fuel ( 2 )  

Hydrogen in Fuel (I) 
Heat Loss from Burning 3.74 3.79 3.74 3.95 

Table 3. Flue Gas Emissions in CWM Tests 
with Oxygen Enrichment 

Test Number 1 2 3 4 

Flue Gas Analysis 

2.9 
15.1 

72 
646 

1.24 
499 

0.69 
1.7 

3.1 
17.1 

50 
693 

1.20 
800 

1 .oo 
0.8 

3.9 
16.2 

55 
667 

1.24 
753 

1 .oo 
1 .o 

4.2 
15.7 

51 
662 

1.23 
703 

0.94 
3.0 

45 4.26 124 
133 2.49 6.07 4.91 

168 

C in Fly Ash !%) 46.6 34.6 41.U _ _  33.9 

'As ppm of NO + ppm of NOz; calculated as lb of NOz/MMBtu. 
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Table 4. Operating Conditions and Boiler Performance, 
CWM Tests with Staged Combustion 

Test Number 1 2 3 4 

Total Air/Fuel Stoichio- 

First-Stage Air/Fuel 
metric Ratio 

Stoichiometric Ratio 

Fuel Flow (lb/hr) 
Steam Flow (lb/hr) 
Thermal Input (MMBtu/hr) 
Combustion-Air Temp. (OF) 
Total Air Flow (lb/hr) 
Secondary-Air Flow (lb/hr) 
Center-Tube-Air Flow (lb/hr) 
Tertiary-Air Flow (lb/hr) 
Atomizing-Air Flow (lb/hr) 
Atomizing-Air Pressure (psig) 
Fuel Pressure at Burner (psig) 
Avg. Flue Gas Temp. (OF) 

Carbon Conversion Eff. ( % )  
Boiler Eff. (%) 
(Heat-Loss Method) 

Heat Loss Due to H20 
in Fuel (%) 

Heat Loss from Burning 
Hydrogen in Fuel ( % )  

1.15 

1.15 

2888 
23990 
30.74 

49 1 
25380 
17740 
6096 

1164 
127 
114 

-- 

,525 

95.7 
77.5 

3.55 

3.81 

1.20 

0.97 

2969 
24630 
31.77 

490 
27 170 
15360 
5340 
5264 
1206 

126 
119 
542 

95.5 
77.6 

3.55 

3.81 

1.21 

0.85 

2940 
24080 
31.45 

48 1 
27210 
13300 
4682 
8046 
1182 

129 
117 
528 

93.8 
76.9 

3.53 

3.79 

1.15 

0.76 

3026 
24000 
32.40 

494 
26460 
121 10 
4122 
8985 
1243 
125 
124 
519 

92.2 
76.0 

3.51 

3.77 

Table 5. Flue Gas Emissions in CWM Tests with Staged Combustion 

Test Number 1 2 3 4 

2.1 
15.8 

81 
608 

1.10 
560 

0.77 
0.8 

3.5 
14.5 

74 
597 

1.19 
532 

0.76 
3.1 

3.7 
14.5 

92 
610 

1.20 
469 

0.66 
2.1 

3.4 
14.5 

124 
. 658 

1.28 
375 

0.52 
3.3 

209 185 203 248 
7.37 6.33 7.01 8.33 

C in Fly Ash ( 5 )  48.9 40.7 50.4 53.3 

*As ppm of NO + ppm of NOz; calculated as lb of NOz/MMBtu. 
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Table 6. Operating Conditions and Boiler Performance, 
CWM Tests with Staged Combustion and Oxygen Enrichment 

Test Number 1 2 3 4 

Ozvol.% in Combustion 
Air 

Overall Oxygen/Fuel Stoichio- 
Ratio 

First-Stage Oxygen/Fuel 
Stoichiometric Rat io 

Oxygen Injected (lb/hr) 
Fuel Flow (lb/hr) 
Steam Flow (lb/hr) 
Thermal Input (MMBtu/hr) 
Combustion-Air Temp. (OF) 
Total Air Flow (lb/hr) 
Secondary-Air Flow (lb/hr) 
Center-Tube-Air Flow (lb/hr) 
Tertiary-Air Flow (lb/hr) 

Atomizing-Air Pressure (psig) 
Fuel Pressure at Burner (psig) 
Avg. Flue Gas Temp. (OF) 

Carbon Conversion Eff. ($)  
Boiler Eff. ( 5 )  

" L . . _ i - i - -  n:.. n,-.. ,,L,L..\ 
L A_" ,A", .*I , 

(Heat-Loss Method) 

Heat Loss Due to H20 
in Fuel ( 5 )  

Heat Loss From Burning 
Hydrogen in Fuel ($) 

26.2 

1.14 

1.14 

1448 

23330 
30.32 
375 

12960 
4293 

2871 

18405 

-- . .rm I I > L  

130 
117 

97.8 
82.8 

489 

3.54 

3.51 

26.3 

1.16 

1.02 

1505 
2890 
23400 
30.65 
356 

18812 
10910 
3638 
3166 

130 
113 
493 

. .ro 4 I," 

96.8 
81 .a 

3.54 

3.51 

26.4 . 26.0 

1.16 1.14 

0.88 0.76 

1564 1433 
2949 2953 
23660 23500 
31.71 31.99 
41 1 411 

19068 19143 
8767 7263 
2944 2389 

8299 6213 ..^^ I I _ 1 L  . . I, I, 
I I__. _- 
131 130 
119 122 
499 496 

95.6 96.0 
a i  .o a i  .3 

3.50 3.48 

3.46 3.44 

Table 7. Flue Gas Emissions in CUM Tests with Staged 
Combustion and Oxygen Enrichment 

Test Number 1 2 3 4 

Flue Gas Analysis 

0 2  ( I )  
cor ( I )  
CO (ppm) 
SO2 (ppm) 

NOx (ppm)* 

THC (ppm) 

(uncontrolled) 

(lb/hr) 
(lb/MMBtu) 

(lb/MMBtu) 

(lb/MMBtu)* 

Particulate Emissions 

4.3 5.1 6.1 
19.7 19.0 18.5 
64 77 64 

1.18 1.25 1.25 
806 792 814 

2.2 2.6 2.3 

795 ala a09 

0.88 0.87 0.89 

5.2 

79 
774 
1.21 
604 
0.65 
2.3 

18.3 

82 1 !O ? 66 ? 22 
2.70 3.59 5.23 3.81 

C in Fly Ash (%) 44.1 47.8 44.5 55.2 

*As ppm of NO + ppm of NOz; calculated as lb of NOz/MMBtu. 
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- 
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Figure 1. Horizontal cross -sectional view of 700.hp watertube boiler 

02 guide lube 

Figure 2. Burner used In oxygen enrichment tests 
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Fluidized Bed Combustion of Petroleum Cokes: 
Kinetics and Catalytic Effects 

Dennis E. Walsh and Gary J. Green 

Mobil Research and Development Corporation 
Central Research Laboratory, P.0.Box 1025, Princeton, New Jersey 08540 

INTRODUCTION 
In the fluid coking process, large quantities of coke particles 

are circulated between a burner vessel and the fluid coking reactor, __ - ._ -~ ~ 

with the coke-to-fresh feed ratio generally about 7 to 8pounds of 
coke per pound of residual feed. During each burning cycle, a 
portion of coke equivalent to about 5% of the charge is burned off, 
and the hot coke particles are then returned to the coker supplying 
process heat. As a result of this type of repeated burning and coke 
deposition cycle, the coke is deposited in multiple, thin "onion- 
skin" layers. Product coke is withdrawn from the burner vessel, the 
temperature of which is maintained between -595' and 65OoC. Because 
the fluid coking process itseif ~,akea p ; a ~ =  at - 5 1 C ° C ,  f=ll=.--d IrV -. 
the coke being first steam stripped and then burned at ~ 6 2 5 . C ~  an 
essentially 'ldry" coke product is produced, i.e., one which is free 
of residual oils. 

In the delayed coking process, coke is produced in a batch 
fashion. Residual oil is fed to a coke drum while a companion drum, 
used in the previous cycle, is de-coked. Product oil vapors pass 
upward through the forming coke mass en route to exiting. Coke drum 
inlet temperatures are maintained at -485'C-500°C while the outlet is 
maintained at -440.C; thus, cooling of the charge takes place during 
the 24 hour fill cycle. This process, therefore, produces coke at a 
lower temperature than fluid coking. Hence, the coke product from a 
delayed coking process is not free of residual oils (-2-10 wt.% on 
coke). 

Although fluid coking is attractive from the viewpoint of higher 
liquid yield, the coke tends to be higher in sulfur than delayed 
coke, which could create SO pollution problems in any subsequent 
combustion application. In Sddition to the sulfur question is that 
of the intrinsic combustibility of fluid coke vs. delayed coke. 
Since little information is available in the literature on this 
point, the present work examined whether process differences have any 
major impact on the combustion characteristics of the coke products. 

A second goal of this study was the investigation of the 
possibility of catalytically enhancing coke burning rates by 
employing separate particle catalysis. Though the catalytic 
oxidation effect of metals impregnated on solid carbonaceous fuel has 
been recognized for many years, no industrial process using this 
catalytic technique is in operation due to concerns over the cost of 
catalyst loss and possible environmental effects of emitted metal 
particles (1). Fluid bed combustion of solid fuels for steam 
generation operates at temperatures which may be low enough (-650 to 
QOO'C) for catalytic effects to be operative. Buch catalysis iwuld 
allow increased throughput for a given unit size or permit the use of 
a smaller unit for a given steam production rate. Catalytically 
enhanced combustion of solid fuels such as petroleum cokes by active 
metals on separate particles could obviate the above cited probleme 
associated with direct impregnation of catalysts on a solid fuel. 
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EXPERIMENT& 
Coke samples were first calcined in nitrogen for -1 hour at a 

temperature in excess of the highest anticipated experimental 
temperature (-650'C) to drive off any residual volatiles which might 
complicate data interpretation. As noted above, little or no 
volatiles evolution was observed in the case of fluid coke; delayed 
coke samples did evolve some volatile constituents. The delayed coke 
samples included both "needle" and Ilsponge" cokes, which have 
different morphologies as reflected by their names. Also, in the 
case of the delayed coke samples, a brief exposure (-90 sec.) to high 
temperature air was employed to effect a mild surface area 
enhancement. Thus, all the samples are compared at lldryll conditions 
(i.e., free of residual oil volatiles) and at similar initial surface 
areas. Properties of these materials are given in Table 1. At each 
temperature, repeat runs with successively smaller coke particle 
sizes were performed until burning rates remained unchanged, thereby 
insuring that all burning rate data were uninfluenced by diffusion. 

The sample of coke to be burned was diluted to 0.1-1.0 wt.% in a 
bed o'ffjacid washed sand particles. The bed was then fluidized in N2 
and brought to reaction temperature in a three sone furnace. 
Initiation of the experiment, collection of data and termination of 
the run were all computer controlled. Essentially, the solenoid 
valve supplying N2 to the flow controller closes and the O2 valve 
opens to start an experiment. Combustion gases leaving the fluid bed 
are quenched, dried and filtered. An NDIR monitors the CO and CO 
concentrations and the computer records the GO levels and be3 
temperature as a function of time. The intervalXbetween readings 
accelerates or decelerates depending upon the CO level in the 
product gases. Bed isothermality was usually 2 2-3'#and the oxygen 
supply rate was generally 210 times the consumption rate. 
Experiments were conducted over the temperature range from 500-600°C; 
reactor pressure was atmospheric. 

Preparation of candidate catalytic materials was accomplished by 
impregnation of clean sand using aqueous-solutions containing a 
quantity of metal sufficient to provide the desired loading 
(generally -1 wt.%). The dried preparations were then O2 calcined at 
-6OOOC prior to use. When Pt preparations were made (using H PtCl ) ,  
dried samples were H reduced (-2 hours at 425'C) prio? to602 
calcination. A low sur3ace area support (vi5. sand) was chosen since 
solid-solid contacting at the exteriors of the fuel and catalyst 
particles would be the likely mechanism of any catalytic combustion 
enhancement; "interior" active sites present in high surface area 
catalyst formulations would likely be unavailable for catalyzing the 
primary combustion step (C+O -->CO/CO ) .  Metals analyses of 
catalyst-impregnated sand sample28 taken frzm the bed before and after 
combustion showed that n o  measurable decrease in catalyst 
concentration occurred during the course of any of the experiments. 
In addition, negligibly small amounts of bed material were lost to 
entrainment. 

RESULTS AND DISCUSSIONS 

Burninn Characteristic of Fluid Coke vs. Delayed Coke 
The burning rate data for all coke samples tested were adequately 

described by first order kinetics over -85% of the burn off. As 
illustrated in Figure 1, a plot of the natural log of the fraction of 
unburned carbon vs. time is well-fit by a straight line, the slope of 
which is the apparent first order rate constant. 
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Figure 2 is an Arrhenius plot of the rate constant data obtained 
for the delayed coker needle coke samples; the activation energy is 
-41 kcal/mole. This value is in excellent agreement with that 
reported recently for the combustion of a sample of petroleum coke 
used in the preparation of pre-baked anodes for aluminum production 
(2). This value is also comparable to that observed for uncatalyoed 
combustion of carbon deposited on solid oxide supports (3). 
Additionally, 41 kcal/mole is in good agreement with the value 
calculated (4) based on literature data for a wide variety of 
carbonaceous materials including some delayed coker petroleum cokes. 
For comprehensive treatments of carbon combustion/ gasification 
kinetics, the reader is referred to several excellent reviews 
(5,6,7). 

Figure 3 is an Arrheniua plot of the rate constant data for the 
fluid coke samples. Again, the data define a straight line, the 
slope of which yields an activation energy of -27 kcal/mole. Thls 
value is in good agreement with -30 kcal/mole found over a slightly 
lower temperature range for carbons doped with vanadium at levels 
roughly equivalent to that of the fluid coke (8). For comparison, 
Figure 4 shows Arrhenius plots for both delayed coker needle coke and 
fluid coke, as well as points obtained for sponge coke, which is a 
delayed coke with substantially larger metals content than the needle 
coke samples. The lines in Figure 4 converge at -550'C, showing 
behavior very consistent with that found for pure and vanadium-doped 
carbon oxidation (8). This convergence indicates the increasing 
influence of the higher activation energy, thermal oxidation relative 
to the catalyzed oxidation reaction. 

Figure 4 shows that fluid coke burns at a somewhat faster rate 
than delayed coker needle coke at temperatures below -550'C. 
However, delayed coker sponge coke behaves in a manner similar to 
fluid coke. Both of these materials have high metals contents (Table 
I) relative to delayed coker needle coke, which exhibits lower rates 
and a higher activation energy. Thus, it is probable that petroleum 
cokes having higher metals concentration exhibit catalytically 
influenced combustion. In fact, such catalytic effects were reported 
(8) for carbons containing as little as 150 ppm vanadium, with little 
change in activation energy for vanadium concentrations up to 3.5%! 

In summary, it appears that rocess ori in does not have a major 
impact on the burning rates of rdry" pe&um cokes having similar 
initial surface areas and metals contents. The metals content of the 
coke can exert a catalytic influence on its bur-ranowever, 
this effect is lessened at higher temperatures. Based upon these 
observations, it was inferred that any major differences between the 
combustibility of fluid coke and delayed coke under practical 
industrial conditions would likely be due to the presence of the 
heavy residual oils in the delayed coke. Volatilized residual oils 
would be more readily oxidized than the delayed coke itself and thus 
would aid in initiating and stabilizing the coke combustion process. 

Enhancement of Coke Burninn Rates by Separate Particle Catalysis 

Effect. or" temperature Eurning rate data for needie coke burned in 
the presence of clean sand and sand impregnated with metallic 
catalysts are presented in Figure 5. It is apparent that all the 
candidate catalytic materials investigated produced a burning rate 
enhancement. The apparent activation energy for coke burning in a 1% 
Pt/sand bed was -17 kcal/mole versus -41 kcal/mole for the baseline 

56 



I 

I 

I 

(clean sand) data. The divergence of the two lines shows that the 
relative rate enhancement decreases with increasing temperature. 
When extrapolated, the two lines converge at a point corresponding to 
-555*C, virtually identical to the point of convergence observed for 
the burning rate data presented in Figure 4 which showed the effect 
of metals intrinsic to the coke. This consistent finding suggests 
that a significant catalytic benefit of metals (whether intrinsic or 
present on separate particles) for burning rate enhancements may be 
realized only at temperatures below -550'C. Furthermore, the data 
indicate that this effect is not highly sensitive to the identity of 
the metal. 

Choosing 505.C as a comparison temperature, the data show that 
both 0.1% Pt and 1% Pt are equally effective, increasing the rate by 
a factor of 2.2. This behavior might be expected on such a low 
surface area support since more than enough Pt is present in both 
cases to cover the available surface. Also, nickel oxide is as 
effective as Pt in enhancing the burning rate, while cobalt oxide is 
only slightly inferior. Both Ni and Co have been previously reported 
as having catalytic activity for carbon gasification when directly 
impregnated on the solid fuel (0). As shown in Figure 5, sodium 
oxide is also quite effective as a catalyst. Alkali metal oxides 
have also been identified previously as effective gasification 
catalysts when impregnated on the fuel (10,ll). However, they are 
believed to function by a different mechanism than noble or 
transition metals (121, some evidence of which is given below. 

The data in Table I1 present the CO/CO, ratio in the combustion 
gases at 50% carbon burnoff. In all baseline cases with clean sand 
as the bed material, both CO and CO were produced over the course of 
the burn in fairly fixed proportionz, while in all Pt and transition 
metal experiments CO was never observed, indicating more efficient 
combustion. The similarity between the CO/CO, ratios of the baseline 
data and the sodium oxide data indicates that the alkali metal oxide 
enhances gasification of carbon to CO but does not effectively 
improve combustion efficiency by promoting complete conversion of CO 
to co2. 

Figure 6 presents baseline and catalytic results obtained using 
sponge coke. Catalysis was again observed, but the 40% rate 
enhancements at 500-510°C are more modest than those observed with 
needle coke. The similar behavior of fresh and used Pt suggest that 
there is no rapid deterioration in performance. In contrast, fresh 
nickel oxide, which was initially as effective as Pt, rapidly lost 
its activity as shown by a decrease in burning rate and the 
appearance of CO in the cornbustion gases upon subsequent use. Though 
this suggests that the catalyst was being poisoned, presumably by 
coke-derived impurities, it is not clear why, under similar 
circumstances, the Pt activity remained unaffected. For comparison, 
Figure 7 shows baseline and 1% Pt/sand catalytic data for fluid coke. 
At "505-51O'C a moderate rate enhancement of -50% was observed. 

Based on the collective results shown in Figures 5-7, it may be 
concluded that no significant rate enhancement benefits are to be 
gained by separate particle catalysis in practical fluid bed 
combustors, which typically operate at temperatures >650°C. However, 
the results given in Table I1 show that separate particle catalysis 
can be beneficial in completing the conversion of CO t o  CO 
resulting in higher combustion efficiencies and minimizing ab 
emissions from the unit. This benefit of lowered CO emissions, even 
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at the higher temperatures typical of practical fluid bed combustors, 
is not unexpected in light of the proven effectiveness of Pt GO 
combustion promoter additives used in the fluid bed, air regeneration 
of fluid cracking catalysts at temperatures >65OoC (13). 

Effect of intrinsic metals The higher rate increases observed with 
low-metals needle coke vs. sponge and fluid cokes parallel the 
relative burning rates discussed above in the absence of separate 
catalytic particles. Moreover,. this behavior suggests that the 
extent to which a rate enhancement can be obtained with separate 
particle catalysts also depends upon the intrinsic metals content of 
the coke. To examine this point further, some additional data were 
obtained by burning toluene-derived soot (96% C ,  2% 0 ,  2% H) as a 
convenient model of a metals-free carbonaceous pyrolysis residue. 

Although differing in "process" origin, both coke and soot are 
carbonaceous pyrolysis products having quite similar elemental 
analyses. Furthermore, both coke and soot have been shown elsewhere 
to have very similar reactivities and activation energies (-39 
kcal/mole) with respect to combustion (4). In contrast, high purity 
graphite does not exhibit burning behavior similar to that of low- 
metals needle coke, as evidenced in related studies where the burning 
rate constant for ultra-high purity graphite ( < 5  ppm total 
impurities) was found to be over two orders of magnitude lower than 
that of the coke. This result is also consistent with earlier work 
which showed that high purity graphite has a reactivity -3 orders of 
magnitude lower than coke and has a much higher activation energy 
(-60 to 70 kcal/mole) (4). This evidence shows that soot better 
models "high purity" petroleum coke burning behavior than do other 
carbonaceous residues such as ultra-high purity graphite. 

Soot experiments were performed over clean sand, over 1% Pt/sand, 
and over clean sand with the soot directly impregnated with 1% Pt. 
These results are summarized in Table 111. Despite its extremely 
fine particle size, in the absence of catalyst particles, the soot 
burning rate constant at 505 'C  was 6-7 times lower than that of low-  
metals needle coke. This factor seems reasonable in light of the 
soot's zero metals content and the discussions in the previous 
section. 

In discussing the impact of added catalyst particles, the use of 
burning rate enhancements, i.e. relative burning rates with and 
without a catalyst, will facilitate comparisons among the various 
carbonaceous materials. Figure 8 shows the relative burning rates 

t/kbaselljjn&) at " 6 0 5 * C  f o r  soot and all the cokes 
on sand. The data point for needle coke is 

plotted somewhat arbitrarily at 30 ppm since the reported analytical 
results provided only upper bounds on the Ni and V contents (see 
Table I). The plot indicates that the extent of rate enhancement 
obtained by separate particle catalysis is a function of the 
intrinsic metals content of the solid fuel being bu ned. Therefore, 
above a certain threshold concentration of metal (2 100 ppm Ni + v> 
intrinsic to the carbonaceous fuel, the otherwise large influence of 

Pertinent to the question of intimacy between the metal and the 
solid fuel, a 1 7  fold increase in rate was obtained by separate 
particle catalysis of metals-free soot (Table 111). In this case, 
soot was burned in a bed of Pt impregnated sand where the initial 
atomic pt/C ratio was 4 .26 /1 .  A 30 fold increase resulted, however, 

in*e%?&fed ck using 

external  c&=.ly&.. will be -re=*l.. di&=ishe&. 
6 "&I 
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when soot impregnated with 1 wt.% Pt was burned in a bed of clean 
sand where the initial atomic Pt/C ratio was 400 times lower. 
Clearly, the more intimate the contact between carbon and metal, the 
more effective the catalysis. 

Mechanistic implications The fact that coke burning rate 
enhancements are observed when the bed material (sand) is 
impregnated with metals indicates that "solid-solid" catalytic 
interactions are occurring between the coke particles and bed 
particles in the presence of oxygen. Regardless of the particular 
metal or metal oxide particle, intimate contact between it and the 
carbon surface is required for the oxidation-reduction cycle of the 
metal particle to occur at the carbon surface, which is the generally 
accepted mechanism for the catalyzed oxidation of carbon (12). It is 
highly unlikely that gas phase transport of the metal or metal oxide 
to the carbon surface is involved under the current experimental 
conditions due to the low vapor pressures of these species at 
temperatures below 55OoC. 

The first step in any heterogeneous catalytic reaction is the 
transport of reactants from the bulk phase to the external surface of 
the catalyst. In the present work, only the external mass transfer 
step can influence and mask the intrinsic kinetics since the catalyst 
particles employed are non-porous and intraparticle diffusion is not 
a factor. If the external mass transfer step is rate controlling, 
then the observed apparent activation energy will be lower than that 
of the true activation energy of the catalysed chemical reaction. 
This results because, compared to the reaction rate constant, the 
mass transfer coefficient is much less sensitive to changing 
temperature. 

Standard methods exist for estimating the importance of external 
mass transfer gradients on the observed kinetic parameters (14). 
However, those procedures were developed for fluid phase reactants 
and, therefore, are not directly applicable to the case at hand where 
the reactants are macro-sized carbon particles. Nevertheless, the 
strong influence of convective transport of coke particles to the 
active external surface seems reasonable in light of the size of the 
solid reactants. Such an influence would explain the decline in 
apparent activation energy from -27 kcal/mole for carbon particles 
containing a significant amount of intimate catalytic sites (fluid 
and sponge cokes) to -17 kcal/mole where few such sites exist and 
transport of the carbon particle to external catalytic centers is 
required (needle coke). External mass transport rate control would 
also account for the apparent insensitivity of catalyst type on the 
extent of the rate enhancement observed for needle coke burning in 
the presence of external catalyst particles versus burning in the 
absence of an external catalyst. 

CONCLUSIONS 
The burning rates of "dry" petroleum cokes (i.e., cokes which are 

free of residual oil volatiles) having similar initial surface areas 
are not influenced by process origin (delayed vs. fluid coking). 
Differences in burning rate among the coke samples tested are related 
to the metals level in the coke which can exert a catalytic influence 
on the burning rate. This effect diminishes with increasing 
temperature as higher activation energy thermal reactions begin to 
dominate. 
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The addition of.separate particles of low surface area catalytic 
solids can accelerate the cornbustion of petroleum coke and similar 
carbonaceous residues. The extent of the rate enhancement from an 
external catalyst declines with increasing temperature and increasing 
intrinsic metals content of the solid fuel. Moreover, these findings 
suggest that the primary benefit from separate particle catalysis in 
practical fluid bed combustors for steam generation would be enhanced 
conversion of CO to C02.  Finally, the low activation energies 
observed are qualitatively consistent with a rate-limiting step 
involving transport of coke particles to the surface of the catalyst 
particles. 
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c (wt%) 
H 
0 
N 

TABLE I 

COKE ANALYSES 

Needle Coke+ Sponae Coke+ Fluid Coke* 

93.8 90.4 87.3 
2.4 1.7 1.0 
2.3 1.7 1.6 
0.48 1.1 1.2 
0.54 3.68 8.0 
0.53 1.17 .33 

<20 145 275 
<25 390 540 
5 7 6 

Fe 200 
Surface Area, m2/g 8 

215 
6 

SO 
8 

+ N Calcined to 650'C, air burned at 650'C, -90 sec, nlhr. 
Ni calcination at SOO'C. 

* -1 hr. N2 calcination at 6OOOC. 

TABLE I1 

co/co, RATIO AT 50% NEEDLE COKE BURN-OFF (605'Cl 

Catalyst co/co2 

No;e 0.64 
.l% Pt 0 
1% Pt 0 
1% NiO 0 
1% coo 0 
1% NaO 0.67 

TABLE I11 

INFLUENCE OF Pt ON TOLUENE SOOT BURNING RATE AT 505OC 

k (min-lr kPtkbase 
Base case (no catalyst) 0.015 1 .o 
1 wt% Pt on Sand 0.260 17.3 
1 wt% Pt on soot 0.452 30.1 

b 
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FIGURE I. FRACTION OF UNBURNED CARBON VS. TIME 

COKE PARTICLE MESH SIZE 
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Figure 2. ARRHENIUS PLOT FOR NEEDLE COKE COMBUSTION 
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Figure 3. ARRHENIUS PLOT FOR FLUID COKE COMBUSTION 

I I I I I 

COKE TYPE METALS LEVEL 

0 - FLUID HIGH 
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Figure 5. ARRHENIUS PLOT FOR NEEDLE COKE COMBUSTION: 

EFFECT OF SEPARATE PARTICLE CATALYSIS 

c I I I I I I 
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A - I PCT. PTISAND. USED 
V - I PCT. NICKEL OXIM/SAND. FRESH 
x - I PCT. NICKEL OXIDEISAND. USED 

I 
1.2 1.22 1.24 I26 1.28 1.3 

IOOOIT (K- ' )  
Figure 6. ARRHENIUS PLOT FOR SWNGE COKE COMBUSTION: 

EFFECT OF SEPARATE PARTICLE CATALYSIS 
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THE PREDICTION OF SLA6GING PROBLEMS AS A 
RESULT OF COAL BLENDING 

Edward J. Zecchini and Gary L. Foutch 

School o f  Chemical Engineer ing 
Oklahoma S ta te  U n i v e r s i t y  

S t  i 11 water,  Okl ahoma 74078-0537 

INTRODUCTION 

Power generat ing f a c i l i t i e s  which use coa l  face  several  problems caused by 
the  na ture  o f  t h e  f u e l .  O f  these problems, f i r e s i d e  f o u l i n g  and depos i t i on  i s  of 
major  importance. 
e f f i c i e n c y .  Determinat ion o f  when a coa l  o r  b lend o f  coa ls  w i l l  cause 
s i g n i f i c a n t  s lagg ing  problems i s  ext remely important.  
mechanisms behind f i r e s i d e  depos i t i on  due t o  coa l  b lend ing  i s  t he  focus here (1). 

nor theas t  generat ing f a c i l i t y .  The problem arose when t w o  Wyoming, subbi tuminous 
coa ls  were blended. 
cause on ly  moderate f i r e s i d e  depos i t i on  when burned separately.  Any b lend o f  t h e  
two coa ls  causes more b o i l e r  depos i t i on  and f o u l i n g  than e i t h e r  pure  coa l ,  based 
on observat ions by PSO's engineers (2). The b lend which r e s u l t s  i n  t h e  most 
severe f i r e s i d e  d e p o s i t i o n  i s  approximately 75% JR-25% CP. 
b lending e l i m i n a t e s  t h i s  problem, i n  some circumstances opera t i ng  cond i t i ons  
r e q u i r e  the  use o f  b lended coals. 

coa ls  are compatible. Lee and Whaley (3) examined t h e  m o d i f i c a t i o n  o f  combustion 
and f l y -ash  c h a r a c t e r i s t i c s  due t o  the  b lend ing  o f  coals.  
p o t e n t i a l  ope ra t i ona l  problems due t o  t h e  b lending can be minimized o r  avoided b y  
c a r e f u l  de te rm ina t ion  o f  coa l  and coal ash p r o p e r t i e s  be fo re  usage. Oooley and 
Chacinski (4) agreed on no t  us ing  emp i r i ca l  s lagg ing  c o r r e l a t i o n s  t o  p r e d i c t  
blended coal  s lagg ing  propensi t ies.  To f u r t h e r  support  t h i s ,  a number o f  t h e  
standard s lagg ing  i n d i c e s  (5) have been evaluated w i t h  t h e  a v a i l a b l e  da ta  on 
Jacob's Ranch and C l o v i s  Po in t  coals. 
standard i n d i c e s  desc r ibe  t h e  problem as observed by PSO's engineers. 

t h e  one used i n  t h i s  study, i s  one analogous t o  r e a c t i o n  order  theory.  

EXPERIMENTAL DATA 

F i r e s i d e  depos i t i on  a f f e c t s  b o i l e r  a v a i l a b i l i t y  and opera t i ng  

The p r o p e r t i e s  and 

Such a problem occurred a t  t h e  Pub l i c  Serv ice Company o f  Oklahoma's (PSO's) 

These two coals,  Jacob's Ranch (JR) and C lov i s  Po in t  (CP) 

A1 though avo id ing  

When b lend ing  coals,  ca re  must be taken t o  determine I f  t h e  two ( o r  more l  

They concluded t h a t  

As Table I summarizes, none o f  t h e  

As a r e s u l t ,  a new approach seems t o  be necessary. A poss ib le  approach, and 

There i s  c e r t a i n  da ta  t h a t  i s  necessary i n  eva lua t i ng  t h e  p r e d i c t i v e  method 
t o  be employed i n  t h i s  study. A proximate ana lys i s  o f  bo th  coa ls  (Jacob's Ranch 
and C lov i s  P o i n t )  i s  g i ven  i n  Table I! (6). 
i n t e r e s t  i n  t h e  approach used here are t h e  coal  ash compositions. There are  two 
d i f f e r e n t  se ts  of  coa l  ash composi t ion data,  one i s  an independent ana lys i s  
conducted by Wi l l i ams  Brothers Laboratory  (6), t h e  o t h e r  i s  t h e  ana lys i s  a t  
OSU. 
d i f f e ren t  b lends o f  t h e  two coa ls  i s  presented i n  Table I V .  

The da ta  t h a t  w i l l  be o f  most 

This da ta  i s  presented i n  Table 111. The ana lys i s  o f  t h e  ash from 
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GENERAL APPROACH 

The approach se lected t o  p r e d i c t  t he  observed problem i s  s i m i l a r  t o  r e a c t i o n  
r a t e  theory. 
component B, then a r e a c t i o n  analogy appl ies.  
components i s  modeled as i f  i t  were a reac t i on  w i t h  a r a t e  e ua t i on  g iven by: 
aA + bB + Products ( r e a c t i o n  o r  i n t e r a c t i o n ) ;  Rate a [A]" [B;fm ( r a t e  
expression). Where n and m are exponents on the  concentrat ions o f  reactants  A 
and B, respec t i ve l y .  The o rde r  o f  t he  i n t e r a c t i o n  i s  g iven by n + m. There a re  
c e r t a i n  unknowns here t h a t  need t o  be se lected o r  determined by t r i a l  and e r ro r .  

DISCUSSION 

I f  one coal i s  r i c h  i n  component A and the  o the r  coal i s  r i c h  i n  
An i n t e r a c t i o n  between two 

The general d e s c r i p t i o n  o f  t h e  depos i t i on  problem leads immediately t o  a 
conceptual form o f  t he  des i red slagging c o r r e l a t i o n  (F igu re  1). The problem i s  
how t o  p r e d i c t  such a dramat ic change i n  t h e  s lagging p roper t i es  o f  t h e  coal 
burned as t h e  %Jacob's Ranch i n  t h e  b lend changes w i t h  the numerous v a r i a b l e s  
t h a t  are as o f  y e t  undefined. The most press ing problem i s  the  s e l e c t i o n  o f  t h e  
data t o  be used as concentrat ions. F ind ing actual  concentrat ions i n  such a 
s i t u a t i o n  i s  impossible, so some means o f  f i n d i n g  r e l a t i v e  o r  pseudo 
concentrat ions i s  necessary. The weight percents  o f  oxides i n  t h e  ash represent  
r e l a t i v e  concentrat ions.  
equation resolves t w o  o f  t he  unknowns. 
be addressed, s ince  i t  has been shown t h a t  o v e r a l l  f i r s t  order i n v o l v i n g  e i t h e r  
sodium o r  i r o n  ( h i s t o r i c a l l y  t h e  most impor tant  elements i n  s lagging)  has n o t  
been successful.  An o v e r a l l  second order  has been se lected f o r  a p p l i c a t i o n  i n  
t h i s  study. The most reasonable values f o r  n and m i n  t h i s  scheme are one. The 
f i n a l  problem i s  i n  determin ing A and B, t h e  coal and coal ash cons t i t uen ts .  The 
se lec t i on  o f  A and B i s  not  obvious and w i l l  be determined v i a  t r i a l  and e r r o r  
w i t h  those r e s u l t i n g  i n  .the des i red  p r o f i l e  considered fu r the r .  The i n t e r a c t i o n s  
w i l l  be p l o t t e d  as a f u n c t i o n  o f  t he  percent Jacob's Ranch i n  t h e  blend. 
a v a i l a b l e  t h e  ac tua l  b lend data p o i n t s  w i l l  a l so  be i nc luded  on the  graph t o  
compare the p red ic ted  va lue w i t h  t h e  actual  data. 

simplest i s  t o  assume t h a t  the r e l a t i v e  amounts o f  ash con t r i bu ted  by each coal 
a r e  the same. This  means t h a t  t he  i n t e r a c t i o n  i s  j u s t  t h e  product o f  t h e  va lues 
determined fo r  the percentages o f  t he  oxides i n  the  ash. 1 more r e a l i s t i c  
approach i s  t o  employ an ash c o r r e c t i o n  f a c t o r  t o  account f o r  t h e  two coa ls  have 
d i f f e r i n g  ash contents. Th is  c o r r e c t i o n  f a c t o r  i s  based on equal weights o f  t h e  
coals  ( o r  b lends)  being burned. A f u r t h e r  c o r r e c t i o n  may be used t o  account f o r  
d i f f e r i n g  heat ing values f o r  t he  coals  t o  produce the same heat output. A l i n e a r  
r e l a t i o n s h i p  between t h e  pure coal heat ing values f o r  t he  heat ing values o f  
blends has been used. The actual e f f e c t  o f  t h i s  c o r r e c t i o n  f a c t o r  w i l l  be t o  
s h i f t  t h e  cu rve  towards t h e  Clevis. Point  a x i s  (0% JR). 

Those curves w i th  the  des i red p r o f i l e  are shown i n  Figures 2 through 5. 
Table V summarizes the  i n t e r a c t i o n s  t h a t  showed t h e  des i red  p r o f i l e  f o r  any one 
of the above methods. 
sodium o r  i ron.  These elements have been considered most i n f l u e n t i a l  i n  t h e  
format ion of f i r e s i d e  deposits. 
pure coals. 

Using these values as t h e  concentrat ions i n  t h e  r a t e  
The problem o f  i n t e r a c t i o n  order  needs t o  

Where 

There i s  more than one bas is  t o  c a l c u l a t e  these i n t e r a c t i o n s .  The f i r s t  and 

Those i n t e r a c t i o n s  t h a t  a re  o f  most i n t e r e s t  i n v o l v e  

Hence, these i n t e r a c t i o n s  support work done w i t h  
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CONCLUSIONS 

This work i s  p r e l i m i n a r y  and invo lves  on ly  t h e  two coa ls  used a t  PSO where 
t h e  b lend ing  problem was observed. 
necessary. However, t h e  r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  an o v e r a l l  second o rde r  
reac t i on  analogy can show an optimum as a f u n c t i o n  o f  coa l  b lend which p rev ious  
s lagg ing  p r e d i c t i o n  methods cou ld  no t  do. 
i n t e r a c t i o n  f o r  o the r  b lend ing  problems i n  hopes o f  ob ta in ing  a c o r r e l a t i o n  which 
w i l l  be p r e d i c t i v e  f o r  any coal  blend. 
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TABLE I 
STANDARD SLAGGING CORRELATION SUMMARY 

Wi l l iams Brother  Data This Study HTA Data 

Index JR Blends CP JR Blends CP 

S i l i c a  R a t i o  MS MS MS HS HS HS 
%Na20 MS MS/HS HS MS MS/HS HS 

LS LS LS ss ss ss 
MS MS MS MS HS HS 

Fs'  LS LS LS LS LS LS 

%Fe 03. LS LS LS LS LS LS 

Fj/ a 
Na fqui  Val e n t  LS LS LS LS LS LS 

ND = Not Determined 
LS = Low Slagging 
MS = Medium Slagging 
HS = High Slagging 
SS = Severe Slagging 
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TABLE I 1  
PROXIMATE ANALYSIS OF PURE COALS 

I 

Analys is  (wt%)  

Moisture 
Vol Mat ter  
Ash 
Fixed Carbon 
H.H.V. B tu / l b  

Ana lys is  ( w t % )  

Mo i s t u r e  
Vol. Ma t te r  
Ash 
Fixed Carbon 
H.H.V. B tu / l b  

Jacob's Ranch 

As Received Mois ture Free 

**** 25.44 
36.55 49.02 

6.81 9.13 
31.70 41.85 

C lov i s  Po in t  

8,863 11,886 

As Received Mois ture Free 

**** 31.32 
33.85 49.28 
6.14 8.94 

8,014 11,668 
28.69 41.78 

Mois ture and Ash Free 

**** 
53.95 

46.05 
13,081 

**** 

Moisture and Ash Free 

**** 
54.11 **** 
45.89 

12,813 

Data from Wil l iams Bro thers  Laborator ies 

TABLE I11 
JACOB'S RANCH ASH ANALYSIS 

-~ ~ 

Component Wi l l iams Bro thers  Th is  Study HTA 

I 

~ 

I r o n  as % Fe203 
Calcium as % CaO 
Magnesium as % MgO 
Sodium as % Na2O 
Potassium as % K20 
S i l i c o n  as % Si02 
Aluminum as % A1 O3 
T i tan ium as % Ti62 
Phosphorus as % P2O5 
Su l fu r  as % SO3 
% Ash i n  t h e  Coal 

N.D. = Not Determined 
t = By D i f f e rence  

7.15 
14.22 
3.15 

1.37 
46.38 
13.81 

1.15 

0.68 

1.11 
6.05 
6.81 

5.93 
19.43 
4.75 
0.76 
0.33 

45.45t 
15.04 

N.D. 
N.D. 
N.D. 
6.40 
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TABLE 111 
(Continued) 

C lov i s  Po in t  Ash Analys is  

Component W i  11 iams Brothers This  Study HTA 

I r o n  as X Fez03 
Calcium as X CaO 
Magnesium as % MgO 
Sodium as % Na20 
Potassium as % K20 
S i l i c o n  as % S i02  
Aluminun as % A1 O3 
Titanium as % T i &  
Phosphorus as % P;05 
S u l f u r  as % SO3 
% Ash i n  t h e  Coal 

4.29 
14.64 

3.12 
1.08 
1.45 

50.24 
13.55 

0.95 
1.56 
4.53 
6.14 

3.94 
21.93 

5.58 
1.66 
0.10 

44.71t 
15.04 

N.D. 
N.D. 
N.D. 
7.0 

N.D. = N o t  Determined * = N e g l i g i b l e  
t = By D i f f e r e n c e  

TABLE I V  
ASH COMPOSITION OF SELECTED BLENDS 

a)  High Temperature Ash (HTA) 

Component 100%JR 75UR-25XCP 509bJR-50XCP 25%JR-75%CP lOO%CP 

5.93 4.72 
19.43 20.14 

4.75 5.15 
0.76 1.04 
0.33 0.27 

45.45t 46.21 t 

::ao3 
Mg 0 

15.04 14.76 
N.D. N.D. 
N.D. N.D. 
N.D. N. D. 

4.49 
20.62 

5.25 
1.18 
0.22 

45.52t 
15.04 

N.D. 
N.D. 
N.D. 

3.94 
21.15 
5.35 
1.44 
0.16 

45.40t 
15.04 

N. D. 
N.D. 
N.D. 

3.94 
21.93 

5.58 
1.66 
0.10 

44.71t 
15.04 

N.D. 
N.D. 
N.O. 

* = N e g l i g i b l e  
t = By D i f f e r e n c e  
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TABLE V 
POSSIBLE INTERACTIONS FOR SLAGGING PREDICTION 

I n t e r a c t i o n  Wi l l iams Bro thers  Oata This Study HTA 

Uncorr. Ash Corr. Heat Corr. Uncorr. Ash Corr. Heat Corr. 

Na * Fe OP OP DP NP NP NP 
Na * K NP NP NP DP DP DP 
Fe * P NP NP NP DP UP UP 
Na Scoal  NP DP NP NP NP NP 
Na * Sash NP UP NP NP ND NP 

NP = No Peak 
OP = Desired P r o f i l e  
UP = Undesired P r o f i l e  

5 4 . 5  5 . 0 1  

; 2 . 0 1  / 
\ 
\ 

4 "J/ \ 

0 10 20 30 40  50 60 70 BO 90 100 

PERCENT JACOBS RAtICH 

Figure 1. Deslred Slagging Index Profile as a Function of Blend 
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ABSTRACT 

The e f f e c t  of gas phase a l k a l i  concent ra t ion  on t he  adhesion p rope r t i e s  
of micronized coal has been s tudied  using a labora tory-sca le  en t ra ined  r e a c t o r  
capable of acce le ra t ing  the  combustion products  of an in j ec t ed  coa l - a i r  mixture 
t o  the  v e l o c i t i e s  observed i n  a combustion gas turb ine .  Alka l i  metal s u l f a t e s  
a r e  reputed t o  a c t  a s  l i q u i d  "glue" b inders  which promote inorganic  depos i t  
formation under these  condi t ions .  I n  t h i s  s tudy ,  t he  concent ra t ion  of a l k a l i  
was varied by u t i l i z i n g  a s e r i e s  of na tu ra l ly  occurr ing  coa ls  (Arkwright 
P i t t sburgh  bituminous,  Spring Creek Montana subbituminous, and North Dakota 
l i g n i t e ) ,  and by doping Arkwright coal samples with sodium benzoate. Measured 
s t i ck ing  c o e f f i c i e n t s  ( i . e . ,  t he  mass f r a c t i o n  of inc ident  ash which s t i c k s  t o  
a depos i t ion  t a r g e t )  obtained from t h i s  s e r i e s  exhib i ted  t rends  cons i s t en t  wi th  
t h e  glue hypothesis and with the  amount of l i q u i d  phase sodium s u l f a t e  pre- 
d i c t ed  by equi l ibr ium thermodynamic and vapor depos i t ion  r a t e  ca l cu la t ions .  
Thus, between the  mel t ing  po in t  and dew po in t  of sodium s u l f a t e ,  higher sodium 
concent ra t ions  i n  t h e  coa l  feed r e su l t ed  i n  enhanced s t i ck ing .  Below t h e  sul- 
f a t e  melting po in t ,  t he  sodium concent ra t ion  had no e f f e c t .  These measurements 
provide a confirmation of t h e  g lue- l ike  behavior of sodium s u l f a t e  i n  enhancing 
depos i t ion  r a t e s  and represent  t he  f i r s t  successfu l  probing of t h e  e f f e c t  of an  
ind iv idua l  element upon t h e  p rope r t i e s  of f l y  ash  o r ig ina t ing  from na tu ra l  and 
chemically doped f u e l s  under gas tu rb ine  combustor temperature and ve loc i ty  
conditions.  

INTRODUCTION 

One purpose of t he  U.S. Department of Energy's F o s s i l  Energy Program i s  
t h e  development of technology f o r  use  of  f o s s i i  f u e l s  i n  t h e  production of 
energy f o r  domestic consumption. 
Energy Technology Center has i n i t i a t e d  a program t o  examine depos i t ion  e f f e c t s  
i n  coa l - f i red  hea t  engines,  with t h e  f i n a l  ob jec t ive  being the  development of 
techniques t o  mi t iga t e  t h e  depos i t ion  problem i n  d i r e c t  coa l - f i r ed  gas tu rb ines .  
This paper r epor t s  r e s u l t s  from an e f f o r t ,  a s  a p a r t  of t h a t  program, t o  sepa- 

As a p a r t  of t h a t  program, the  Morgantown 

- 
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rate the deposition problem from erosion and corrosion and to identify the 
relationship between deposition and the various chemical constituents in coal. 

The use of coal and coal-derived fuels in direct-fired gas turbines pro- 
vides an attractive alternative to other fuel sources such as petroleum or 
natural gas. Advantages of coal-based direct-fired turbine systems are the 
increase in efficiency provided when steam vaporization is removed from the 
energy production cycle, low capital costs for construction of moderate 
capacity systems, and a readily available inexpensive fuel. Limitations to 
the use of coal include dry handling costs and the large fraction of non- 
combustible material occluded within the coal matrix. 
turbine components by a combination of erosion, corrosion, and deposition. 
These three complications can result in increased maintenance costs and/or 
losses in cycle efficiency due to either deposit buildup on the airfoils or 
the imposition of filtration equipment to prevent the problems. The effect 
of dry handling on the use of coal derives from two sources. First, the tech- 
nology of dry fuel is considerably different from that of liquid feeding 
processes. Thus, power plants equipped for diesel or petroleum are not 
equipped to utilize coal, except perhaps as a coal-water mixture (CWn). 
ever, the formulation of a CWn requires significant grinding of the coal and 
represents an added expense. Also,  the problems of erosion, corrosion, and 
deposition all require grinding and/or beneficiation of the coal in order to 
meet gas turbine particulate operating specifications. If these problems can 
be solved, coal-based plants based on gas turbines can have a distinct competi- 
tive price relative to alternatives such as oil, natural gas, or petroleum. 

Impurities can damage 

How- 

The context of the present study derives from the observation that deposit 
growth may be promoted by the presence or formation of a liquid layer on the 
surfaces of ash particles (1,2,3,4). The liquid layer may consist of sodium 
(or other alkali) sulfate(s) which, due to rapid cooling arising from the 
expansion out of a gas turbine nozzle, can condense on the surface of an ash 
particle or on a component surface (rotor or stator blade). 
mechanism may be either heterogeneous as observed by Liang, et al. ( 5 ) .  in a 
recent binary nucleation study or homogeneous as suggested by the calculations 
of Ahluwalia, et al. (6). Regardless of the mechanism of deposition, experi- 
mental determinations of the elemental composition of ash particles have con- 
firmed that surface enrichment does occur on the outer surfaces of fly ash 
particles (7). In fact, such observations have led to the suggestion that 
the injection of small particles into combustion turbines could have a miti- 
gating effect on liquid-assisted deposition by acting as sodium gettering 
sorbents (8). 

The condensation 

This set of observations has led to our determination of the "sticking 
coefficients" of a variety of coals under a wide range of conditions. Portions 
of this work have appeared as preliminary communications in which the qualita- 
tive effects of target temperature, reactor temperature, particle velocity, and 
coal composition have been discussed (9,10,11). We have now merged our previ- 
ous deposition results with new observations made on sodium-doped coals and, in 
an effort to rationalize our observations and predict the sticking behavior of 
other coals, present those observations within the framework of a preliminary 
theory of molten glue-assisted deposition (12). 
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FXPERIHENTAL. 

The depos i t ion  t e s t s  were performed i n  a labora tory-sca le  en t ra ined  reac- 
t o r  (LETR) which cons i s t ed  of a mass flow cont ro l led  a i r  flow c i r c u i t ,  a p a r t i -  
c l e  i n j ec t ion  system, a high-temperature furnace,  a depos i t ion  t a r g e t  assembly, 
a f i l t r a t i o n  assembly, and a s e t  of temperature and pressure  d iagnos t ics  i n t e r -  
faced t o  a personal computer (Figure 1 ) .  
deposit ion processes a t  t h e  leading edge of a gas tu rb ine .  To accomplish t h i s ,  
coal p a r t i c l e s  a r e  en t ra ined  from a f lu id i zed  bed feeder  and t ranspor ted  i n t o  
the  combustion zone (muffle tube H [Figure 11) of t h e  LETR. Combustion of t h e  
coal leaves the  occluded inorganic ma te r i a l  en t ra ined  a s  "ash" p a r t i c l e s  i n  the 
hot  gas stream. These p a r t i c l e s  a r e ,  i n  t u rn ,  acce le ra t ed  through a pinhole 
nozzle located a t  t h e  end of the  muffle t ube  t o  v e l o c i t i e s  i n  excess of 100 m / s .  
The degree of acce le ra t ion  depends upon t h e  temperature of the gas ,  t he  p re s su re  
drop across the  nozz le ,  and the  nozzle diameter.  The high ve loc i ty  p a r t i c l e s  
then impinge upon a platinum t a r g e t  placed normal t o  t h e  downflow of t h e  gas- 
p a r t i c l e  mixture. Target temperature is measured by r ad ia t ion  pyrometry. The 
s t i ck ing  c o e f f i c i e n t  of t he  p a r t i c u l a r  sample i s  obtained a s  t h e  f r a c t i o n  of 
ash  impinging on t h e  t a r g e t  t h a t  a c t u a l l y  adheres t o  t h e  t a r g e t .  A de t a i l ed  
desc r ip t ion  of t he  LETR and the  t y p i c a l  opera t ing  procedure a r e  given below. 

P a r t i c l e  I n j e c t i o n  System 

The system attempts t o  simulate 

The p a r t i c l e  i n j e c t i o n  system cons is ted  of a TSI Model 3400 f lu id ized-bed  
aerosol generator (FBAG), a source of  dry mass flow cont ro l led  compressed a i r ,  
and a sample s p l i t t e r ,  a l s o  mass flow con t ro l l ed ,  i n  series with a vacuum pump. 
P r i o r  t o  an  experiment, t h e  sample compartment of a TSI Model 3400 f lu id ized-  
bed aerosol genera tor  was charged with about 10 grams of coal.  A l l  coa l  sam- 
p l e s  were ground t o  below -400 mesh (< 40 microns) t o  f a c i l i t a t e  entrainment by 
t h e  c a r r i e r  gas. A small motorized conveyor t r a n s f e r r e d  the  coal p a r t i c l e s  
i n t o  a 1.5-inch diameter bed t h a t  was f i l l e d  with 100 grams of c lean  copper 
beads,  which served t o  break up coa l  agglomerates. 
a s  both t h e  f l u i d i z i n g  gas and the  entrainment gas.  
of t he  gas was mass flow con t ro l l ed  a t  14 l i t e r s  pe r  minute, with 80 percent  
of t he  flow d i r ec t ed  through the  bed and t h e  remainder used t o  purge the  p a r t i -  
c l e  conveyor. 
furnace served t o  l i m i t  t he  t o t a l  flow of  pa r t i c l e - l aden  gas t o  the  r eac to r  t o  
below 5.0 l i t e r s  p e r  minute. The remainder of t he  gas was exhausted through a 
f i l t r a t i o n  system. 
drop within sa fe  l i m i t s .  

Furnace Assembly 

A d ry  a i r  stream was used 
The volumetric flow r a t e  

A mass flow con t ro l l ed  a s p i r a t o r  near  t h e  entrance of t h e  

This t h r o t t l i n g  was required t o  hold the  nozzle pressure  

The furnace was an Astro Indus t r i e s  Model 1000 v e r t i c a l  g raph i t e  element 
tube furnace equipped with a helium purge gas system and an alumina muffle t u b e  
assembly. An alumina nozzle (25 mm length ,  0.127 mm diameter) was cemented 
i n t o  the muffle tube  so t h a t  t he  nozzle e x i t  was 2.5  inches from the  e x i t  of 
t h e  muffle tube.  The temperature of  t he  muffle tube  was estimated with the  a i d  
of t w o  thermocouples, one of which was he ld  i n  contac t  w i t h  t h e  muffle tube ,  
whi le  t he  ocher monitored the  temperature ad jacent  t o  t h e  hezting ele~c-t. 
Heating o f  t he  tube was accomplished by r ad ia t ion  and conduction through the  
helium purge gas,  which a l s o  prevented oxida t ion  of t he  graphi te  elements.  
set of p r o f i l e s  of t h e  temperature a t  t h e  cen te r  l i n e  of the  muffle tube  
(Curves a-c [Figure 21) obtained wi th  no acce le ra t ion  nozzle i n  p lace  were 
cons i s t en t  with laminar flow through t h e  furnace.  
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Deposition Target Assembly 

The platinum t a r g e t  d i sks  (0.25 mm.thick, 5 mm diameter) were supported 
on an Inconel pedes t a l  (Figure 3) bol ted t o  t h e  bottom of t h e  furnace assembly. 
Pedestal  he igh t  was adjusted by a s e r i e s  of s t a i n l e s s  s t e e l  shims i n  order  t o  
pos i t i on  t h e  t a r g e t  a t  approximately one nozzle diameter (1.27 mm) from t h e  
nozzle e x i t .  The pedes t a l  was hollow and contained a quartz  l ens  which focused 
in f r a red  l i g h t  emitted from t h e  t a r g e t  onto t h e  entrance of a b i fu rca t ed  f i b e r  
o p t i c  bundle. The two l e g s  of t h e  f i b e r  bundle were d i r ec t ed  t o  o p t i c a l  f i l -  
ters with wavelengths o f  902.5 nm (14 nm bandwidth) and 1,039.5 NO (19 nm band- 
width),  r e spec t ive ly .  The t ransmit ted s igna l s  were detected by photodiodes,  
amplified,  and output a s  m i l l i v o l t  s i g n a l s  t o  an Apple computer. 
mitted determinat ion of t he  t a r g e t  temperature by r ad ia t ion  pyrometry. 
t a r g e t s  were weighed t o  within +/-3 micrograms before  and a f t e r  a depos i t i on  
run and t h e  depos i t  weight determined by d i f f e rence .  
t y p i c a l l y  i n  t h e  range of 20 t o  100 micrograms. 

F i l t r a t i o n  Assembly 

This  per- 
The 

Deposit weights were 

The a r r i v a l  r a t e s  of ash p a r t i c l e s  a t  t h e  t a r g e t  su r f ace  were est imated 
by replacing t h e  t a r g e t  with a f i l t r a t i o n  assembly f ab r i ca t ed  from a combina- 
t i o n  of a Gelman s t a i n l e s s  s t e e l  f i l t e r  holder  and a 4-inch porous alumina 
cyl inder .  
provided a r a d i a l  p re s su re  which prevented deposi t ion of ash vapor and/or  
p a r t i c l e s  except on a s i l v e r  membrane f i l t e r  (Osmonics, Inc.)  held i n  p l ace  by 
t h e  f i l t e r  holder .  
balance (v i a  mass flow con t ro l )  t h e  sampling r a t e  through t h e  f i l t e r  with t h e  
gas input  from t h e  furnace e x i t  and t h e  f i l t e r  i n l e t .  The balance was required 
i n  order  t o  prevent  escape of p a r t i c l e s  from t h e  f i l t e r  and t o  prevent  thermal 
shock t o  t h e  muffle tube due t o  a s p i r a t i o n  of room temperature a i r .  In  a t yp i -  
c a l  deposi t ion run, t h r e e  t o  f i v e  f i l t e r  samples were obtained and used t o  
e s t a b l i s h  an average ash a r r i v a l  r a t e  (10 t o  80 micrograms pe r  minute, depend- 
ing on t h e  s e t t i n g s  of t h e  p a r t i c l e  i n j e c t i o n  system). 

Preparat ion of Sodium-Doped Coals 

A known amount of sodium benzoate (Fischer  S c i e n t i f i c )  was dissolved i n  
excess (> 150 I&) of HPLC grade methanol (J. C.  Baker) and t h e  c l e a r  s o l u t i o n  
added t o  a round-bottomed f l a s k  containing 10 grams of Arkwright P i t t sbu rgh  
bituminous c o a l .  
ground g l a s s  j o i n t s  of t h e  evaporator were ungreased t o  avoid contamination of 
t h e  coa l  with s i l i c o n .  
some small  wh i t i sh  lumps of (presumably) pure sodium benzoate occluded wi th in  
t h e  coal  matr ix .  

Typical Deposi t ion Procedure 

An a i r  flow of 2 . 0  l i t e r s  pe r  minute through the  porous cy l inde r  

A vacuum pump downstream from the  f i l t e r  was used t o  

The methanol was then removed using a ro t a ry  evaporator.  The 

The product consis ted of a grayish-black powder with 

This ma te r i a l  was then  ground t o  pass  a 400 mesh screen.  

The coa l  sample of i n t e r e s t  was loaded i n t o  t h e  FBAG and the  entrainment 
gas flow and a s p i r a t i o n  r a t e s  adjusted such t h a t  t h e  pressure drop ac ross  the 
acce le ra t ion  nozzle  i n  t h e  muffle tube was wi th in  s a f e  l i m i t s  and was providing 
a gas Stream of high v e l o c i t y .  During t h i s  process ,  t h e  coal  p a r t i c l e s  were 
removed from t h e  gas flowing t o  t h e  r eac to r  by an absolute  f i l t e r  ( c l o s e  
Valve 1, open Valves 2 and 5 [Figure 11) t o  prevent  contamination of t h e  co ld  
furnace.  A f t e r  t he  muffle tube (heated a t  a r a t e  of 2OOOC p e r  b u r )  and t h e  
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deposit ion t a r g e t  reached t h e i r  appropr ia te  t e s t  temperatures,  t h e  f i l t e r  was 
removed from t h e  flow pa th  (open Valve 1, c lose  Valves 2 and 5 [Figure 11) and 
the  pa r t i c l e - l aden  flow was d i r ec t ed  i n t o  t h e  muffle tube.  Af te r  c o l l e c t i o n  Of 
severa l  samples, t h e  f i l t r a t i o n  assembly was removed and the  absolu te  f i l t e r  
r e inse r t ed  i n t o  t h e  p a r t i c l e  flow stream. The t a r g e t  assembly was then a f f i x e d  
t o  the  furnace and t h e  t a r g e t  allowed t o  reach thermal equilibrium i n  the  
absence of p a r t i c l e s .  Blank runs were performed and ind ica ted  t h a t  depos i t i on  
ceased when t h e  absolu te  f i l t e r  was i n  t h e  flow pa th .  The absolu te  f i l t e r  was 
then removed from t h e  flow p a t h  and the  depos i t ion  process allowed t o  proceed 
f o r  about 1 hour,  a f t e r  which the t a r g e t  was i s o l a t e d  from p a r t i c l e s ,  the  t a r -  
ge t  assembly removed, and t h e  t a r g e t  weighed. 

Data Acquis i t ion  

Furnace temperature,  t a r g e t  temperature,  r eac to r  coolant temperature,  and 
nozzle p re s su re  drop measurements were recorded cont inua l ly  during each t e s t  
by an appropr ia te  i n t e r f a c e  t o  a personal  computer. 
of t he  nozzle p re s su re  drop (which determines the  nozzle e x i t  pa r t i c l e /gas  
v e l o c i t i e s )  and of t h e  t a r g e t  temperature, an IBM PC-AT was employed a s  a d a t a  
acqu i s i t i on  device.  The IBM in t e r f ace  hardware included a Data Trans la t ion  
DT2805 12 b i t  A/D board and a DT2807 i n t e r f a c e  board. Data was acquired by 
means of a FORTRAN program which employed subrout ines  from PCLAB and Wiley's 
FORTRAN S c i e n t i f i c  Subroutines,  and F i f t y  More FORTRAN S c i e n t i f i c  Subrout ines .  

RESULTS AND DISCUSSION 

For high-speed measurements 

This combined experimental  and t h e o r e t i c a l  repor t  dea l s  only wi th  the  
e f f e c t s  of depos i t i on  i n  d i r e c t - f i r e d  coal-burning systems and, t he re fo re ,  it 
is appropr ia te  t o  f i r s t  o u t l i n e  the  j u s t i f i c a t i o n s  f o r  neglec t ing  or removing 
o the r  e f f e c t s  dur ing  the  sub jec t  experiments ( e .g . ,  erosion and cor ros ion) .  
Also appropr ia te  is  a b r i e f  d i scuss ion  of t h e  chosen t a r g e t  design and i t s  
r e l a t ionsh ip  t o  depos i t ion  phenomena. 

I n d u s t r i a l  combustion turb ine  research  has shown t h a t  i f  t h e  gas stream 
p a r t i c l e  s i z e  i s  kept  below 10 microns, then depos i t ion  and cor ros ion ,  not 
e ros ion ,  a r e  t h e  e f f e c t s  responsible f o r  l i m i t i n g  t h e  usefu l  l i f e t i m e  of a g a s  
turb ine  (13). This  observa t ion  was used t o  decouple e ros ion  from LETR expe r i -  
ments; only micronized coal samples (< 400 mesh) were used. An added b e n e f i t  
of micronized coa l  i s  t h a t  t h e  p a r t i c l e s  a r e  e a s i l y  en t ra ined  and when moving 
through the  appara tus ,  they follow the  flow pa ths  of  the  gas ( i . e . ,  they have a 
neg l ig ib l e  i n e r t i a l  s l i p  ve loc i ty ) .  This he lps  t o  e l imina te  depos i t ion  of s l a g  
within t h e  r e a c t o r  which could develop i n  a drop tube by overloading of t he  
combustion zone. Some of the  de t r imenta l  e f f e c t s  of  slagging i n  a t e s t  r e a c t o r  
a r e  changing combustion hea t  t r a n s f e r  p r o p e r t i e s ,  a buildup of l i q u i d / g l a s s  
phase spec ies  of unknown vapor pressure t h a t  could contaminate f u t u r e  samples,  
and v a r i a t i o n  wi th in  sample runs of the  equi l ibr ium vapor pressures  of s l a g  
components. By employing the  entrainment p r i n c i p l e ,  the  combustion zone load-  
ing is s u f f i c i e n t l y  low t o  avoid s lagging .  

T h e  decoupling of corrosion from LETR experiments was accomplished by 
f ab r i ca t ing  t h e  t a r g e t s  from platinum meta l .  This i s  j u s t i f i e d  by the  i n e r t -  
ness of platinum toward oxidation, poor a f f i n i t y  f o r  adsorption of gases such  
a s  carbon monoxide and carbon dioxide,  and r e s i s t ance  t o  a t t ack  by hot  corro- 
s ive  l i q u i d s  (14,15,16). An important q u a l i f i c a t i o n  which has not been 
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addressed is the utility of deposition data in absence of the competing effects 
of erosion and corrosion. 

Conversely, after combustion of the coal particles, it is desirable to 
force as much of the ash as possible to impact upon the target. 
target placed normal to the gas stream at the nozzle exit satisfies this condi- 
tion if the target diameter is much larger than the nozzle diameter and if the 
target is located less than five nozzle diameters from the nozzle exit (17). 
This design was employed in the LETR and imposed the requirement of zero 
velocity (both particle and gas) at the target surface. The overall result is 
that a stagnation point has been created at the intersection of the target and 
the expanding gas-particle jet. 
arrival rates and vapor deposition rates are at or near their maximum values 
under stagnation conditions which should result in the observation of the maxi- 
mum effect of an additive upon coal ash deposition properties. Finally, the 
leading edge of a gas turbine blade also has a stagnation line configuration. 

The use of a 

The significance of this is that particle 

Deposition data was obtained for the following coals: Arkwright Pitts- 
burgh bituminous (APB) , Spring Creek Montana subbituminous (SCMS), AMAX-I1 
(cleaned) Kentucky bituminous (KB), North Dakota lignite (NDL), and acid-washed 
North Dakota lignite (AWL). The ultimate analyses for these coals are presented 
in Table 1. Figure 4 shows a plot of the "sticking coefficient" (mass fraction 
of material adhering to the target) obtained for these coals at a variety of 
target temperatures.? These data are reproducible to within about ? 20 percent. 
Although NDL has the highest ash content and the highest sticking coefficient, 
the correspondence between ash content and sticking coefficient does not con- 
tinue for the other coals. 
increase the fouling tendencies of coal, a simple (i.e., linear) correspondence 
between sodium and sticking coefficient does not appear to be operative here. 
Furthermore, the ordering of the sticking coefficients is not explained by sim- 
ple parametric indices such as the fouling index (10,18). Thus, although the 
extreme cases agree with predictions based on coal ash content, alkali level, 
or fouling index, a more detailed description of coal ash sticking must be 
employed in any rational analysis of ash deposition. 

Similarly, although increased sodium content may 

The approach offered here is to use the ash analysis as an input for 
chemical equilibrium thermodynamic calculations to determine the amount of 
liquid glue likely to be present in the deposit at a given deposition tempera- 
ture. The quantity of liquid phase was, in turn, used as input for the 
sticking code (vide infra) and directly compared to the observed sticking 
coefficients (Figure 4 ) .  The first step in our predictive procedure is calcu- 
lation of combustion deposit compositions based on the premise that the con- 
densed solution phases indicated by an equilibrium thermodynamic analysis are 
the ones likely to appear on the target surface. The NASA CEC free-energy 
minimization computer program (19) is widely used toward this end in spite of 
several numerical difficulties associated with its newly acquired ideal solu- 
tion capability; these are usually singular matrices and convergence problems 

? There is no provision in the LETR to vary the target temperature independently 
of the combustion gas temperature; this makes it difficult to decouple the 
effects of the two temperatures on the sticking coefficient. 
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1 
a r e  encountered when condensed phases a r e  added. S i g n i f i c a n t  improvements 

In Figure 5 ,  t h e  PACKAGE-generated l iquid-condensate mole f r a c t i o n  is 
p lo t t ed  as a func t ion  of su r face  temperature f o r  t h e  four  coa ls .  
l i q u i d  so lu t ion  (assumed t o  be i d e a l )  i s  comprised p r i n c i p a l l y  of alumino- 
s i l i c a t e s ,  s i l i c a t e s ,  oxides,  and s u l f a t e s  of calcium, potassium, sodium, 
aluminum, s i l i c o n ,  and t i tanium. 
include A12TiO5, A12Si05, CaAlzSizOs, CaS04, FezO3, K2S04, and SiOp; these a r e  
r e l a t i v e l y  benign wi th  respec t  t o  fou l ing  and cor ros ion ,  although they could 
cont r ibu te  t o  the  e ros ion  of sur face  ma te r i a l  i f  they  were encapsulated i n  
p a r t i c l e s  l a r g e r  than  about 10 pm diameter .  The p l o t t e d  r e s u l t s  show t h a t  a 
minimum f r a c t i o n  of feed ma te r i a l  condenses a s  l i q u i d  f o r  KB, while NDL exper i -  
ences maximum l iqu id  inundation. However, t h e  Arkwright P i t t sburgh  and Montana 
subbituminous coa ls  a r e  inver ted  wi th  r e spec t  t o  F igure  4. Thus, a s  with ash  
conten t ,  a l k a l i  l e v e l ,  and foul ing  index, t h e  f r a c t i o n  of condensing ma te r i a l  
i n  t h e  combustion product stream gives  a reasonable q u a l i t a t i v e  ind ica t ion  of 
t he  s t i c k i n g  propens i ty  of t h e  coal-ash bu t  does no t  c o r r e l a t e  exac t ly  with 
the  s t i c k i n g  c o e f f i c i e n t ,  E.  
thermodynamic ana lys i s  t o  p r e d i c t  t h e  s t i c k i n g  c o e f f i c i e n t  and aga in  h i n t s  a t  
some unknown bu t  v i t a l  p iece  of information requi red  t o  provide an accura te  
gauge of depos i t ion  behavior.  To address  t h i s  problem, t h e  thermodynamic 
analyses have been combined wi th  t h e  e f f e c t s  of mass t r a n s f e r  between t h e  gas 
mainstream and the  depos i t ion  su r face ,  wi th  the  assumption t h a t  s depends p r i -  
marily upon t h e  r e l a t i v e  a r r i v a l  r a t e s  of ash p a r t i c l e s  and glue-liquid t o  the  
sur face .  

The glue- 

So l id  phases pred ic ted  t o  separa te  out  

This demonstrates t h e  inadequacy of a s t r i c t l y  

Using t h e  thermodynamic da ta  t o  provide  the  t o t a i  condensed phase f r a c t i o n  
a t  a given temperature and providing t h a t  da t a  t o  a modified vers ion  of t h e  
se l f - r egu la t ed  s t i c k i n g  computer code (based on t h e  work of Rosner and 
Nagarajan 1121). ca lcu la t ed  s t i c k i n g  c o e f f i c i e n t s  can be obtained f o r  each of 
the  t e s t ed  coa l s  (Figure 6 ) .  Now t h e  p red ic t ed  order ing  of coa ls  with respec t  
t o  t h e i r  s t i c k y  na ture  i s  i n  l i n e  wi th  experimental  observation (_i.e, NDL > 
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phase e q u i l i b r i a  i n  coa l  conversion gas streams and cleanup devices,  t he  
PACKAGE program has been used t o  perform t h e  equilibrium/thermodynamic compu- 
t a t i o n s  presented he re .  

4 

Having obtained the  condensed l i q u i d  phase f r a c t i o n  and composition by i 

I 



I 

SCMS > AF'B > KB).? 
of surface temperature. 
dence of sand the prediction may be accounted for by uncertainties in the 
experimental data collection procedure or limitations in the accuracy of the 
admittedly preliminary model for sticking or, most likely, both. 
the theory does not model the process of ash softening due to high-energy 
impact (12) in sufficient detail. Improvements to the present theoretical 
model will be made as fresh data or insight into the physical processes become 
available. 

There is even good quantitative agreement in certain ranges 
Discrepancies between the measured temperature depen- 

For instance, 

Another facet of the LETR deposition tests was to study the effectiveness 
of metallic additives in mitigating deposition-related problems as well as to 
identify troublesome coal constituents that need to be selectively removed. 
There are a few precedents reported in literature for our additive strategy. 
Nagarajan (22) has investigated the use of trace additives to minimize turbine 
blade "hot corrosion" due to molten alkali sulfate condensation from jet fuel 
combustion gases. Rathnamma and Nagarajan (23) have studied high-temperature 
corrosion control by metal additions to vanadium-contaminated fossil fuels. 
A recent study conducted by Battelle Columbus Laboratories evaluated the use 
of chemical additives to reduce gas-side fouling and corrosion in oil- 
and coal-fired systems (24). Attempts have been made to counteract high- 
temperature fouling with CaC03 and with boron-, manganese-, and magnesium-based 
additives. The Saskatchewan Power Corporation has used limestone to combat ash 
fouling in boilers fired with lignite (24). Austin (25) has examined the 
effect of sodium on the strength of sintered ash mixtures. The effects of 
added alumina and emathalite particles were investigated by Shannon (26) in an 
effort to reduce alkali concentration by gettering sodium in the combustion 
process. 

However, even when such tactics have proved to be successful, the reasons 
for the success have not been clearly understood, particularly in coal combus- 
tion applications. In order to address this deficiency in our appreciation of 
the roles played by the individual additives, our research does not merely 
acquire empirical information regarding the "best" additive, but attempts to 
gain insight into what makes the "best" additive so effective. 

The first round of deposition tests in the LETR were conducted with sodium 
benzoate as the metal-containing additive. Upon addition of a 30-fold excess 
of sodium to a sample of AF'B coal, the sticking coefficient at 1,107 K was 
raised from about 0.15 to about 0.6, a four-fold magnification. This is con- 
sistent with the formation of a larger condensed phase fraction following the 
addition of a large excess of sodium (Figure 9). 
for lower target temperatures (< 1,000 K) showed no change upon addition of the 
sodium, which is expected because fhe liquid phase fraction is not sensitive to 
sodium level as the temperature decreases significantly below the melting point 
of sodium sulfate (1,157 K). 
ing aluminum, magnesium, calcium, and other metals. 

Sticking coefficients obtained 

Future experiments will utilize dopants contain- 

t The lower ash content of the Spring Creek coal relative to the Arkwright coal I 
I 

' 
implies a larger inventory of glue available per impacting par_ticle and, 
hence, enhanced sticking coefficients. 
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An equi l ibr ium thermodynamic ana lys i s  of t h e  e f f e c t  of t hese  add i t ives  on 
condensed l i q u i d  formation during t h e  combustion of t h e  APB coa l  i n  t h e  LETR 
has been ca r r i ed  o u t  and t h e  r e s u l t s  a r e  displayed i n  Figures 8 and 9 .  In 
t hese  f i g u r e s ,  t h e  mole f r a c t i o n  of t h e  molten s o l u t i o n  condensate i n  the  com- 
bustion product mixture is p l o t t e d  a g a i n s t  a d d i t i v e  concentrat ion,  t h e  axes 
being nondimensionalized with r e spec t  t o  corresponding reference Arkwright coa l  
values.  From Figure 8,  it appears t h a t  i ron ,  s i l i c o n ,  calcium, and aluminum 
a r e  a l l  e f f e c t i v e  suppressants  of glue- l iquid formation, with aluminum being 
t h e  most e f f e c t i v e  of t hese .  Figure 9 i n d i c a t e s  t h a t  potassium, s u l f u r ,  and 
t i tanium a r e  bad a d d i t i v e s  ( i .e. ,  a d u l t e r a n t s  t h a t  should be removed from the 
coa l  to  reduce its fou l ing  tendency).  Sodium and magnesium add i t ions  do n o t  
r e s u l t  i n  monotonic t r ends ;  10 times a s  much sodium i n  t h e  seeded coa l  a s  i n  
t h e  reference coa l  r e s u l t s  i n  a minimum s o l u t i o n  phase f r ac t ion ,  and about 
10 times a s  much magnesium r e s u l t s  i n  maximum. Since,  on t h e  bas i s  o f  t h e  a s h  
deposi t ion theory (12), these phase f r a c t i o n s  c o r r e l a t e  f a i r l y  well  with pre-  
dicted s t i c k i n g  c o e f f i c i e n t s ,  an  optimum l e v e l  of each add i t ive  t h a t  minimizes 
s t i c k i n g  may be determined on t h e  b a s i s  of t hese  p l o t s .  
mass loading introduced may inc rease  e ros ion  of machine components even though 
foul ing is a l l e v i a t e d .  These cons ide ra t ions ,  while o f  secondary importance t o  
t h i s  paper, should c e r t a i n l y  be included i n  a more ambitious l i f e  p red ic t ion  
venture.  

J 

However, t h e  added 

The in f luence  o f  sodium and aluminum a d d i t i v e s  on the  predicted s t i c k i n g  
coe f f i c i en t  a t  a LETR t a r g e t  temperature of 1,107 K i s  displayed i n  Figure 7 .  
With the  add i t ion  of sodium beyond 10 t imes i t s  l e v e l  i n  the  reference Ark- 
Wright c o a l ,  s begins  t o  inc rease  u n t i l  it reaches a value of about 0 .6  a t  
30 times the  reference value of sodium concentrat ion which i s  i n  reasonably 
good quan t i t a t ive  agreement with t h e  experimental ly  measured s t i c k i n g  coe f f i -  
c i e n t  under these  condi t ions.  I n  t h e  aluminum added case,  5 drops t o  about a 
t h i r d  of i t s  va lue  o f  0.6 (corresponding t o  combustion of sodium-enriched c o a l )  
with t h e  add i t ion  of only about  f i v e  t imes a s  much aluminum a s  i s  present  i n  
the  reference Arkwright coa l  and remains nea r ly  constant  with f u r t h e r  i nc reases  
i n  the aluminum concentrat ion.  The p r e d i c t i o n s  i n  Figure 7 a l s o  suggest t h e  
i n t e r e s t i n g  p o s s i b i l i t y  of decreased 5 upon add i t ion  of smaller q u a n t i t i e s  of 
sodium; a f a c t  which no doubt contr ibuted t o  t h e  l ack  of co r re l a t ion  between 
a l k a l i  l e v e l  and s t i c k i n g  c o e f f i c i e n t .  
ing of sodium- and aluminum-doped coa l s  cont inues.  A confirmation, based on 
such comparisons, of t h e  accuracy of our t heo ry  i n  p red ic t ing  s t i c k i n g  behavior 
of coa l s  w i l l  imply t h e  a v a i l a b i l i t y  of a powerful p red ic t ive  t o o l  t h a t  w i l l  
enable us t o  eva lua te  d i f f e r e n t  coa l s  w i th  r e spec t  t o  t h e i r  foul ing cha rac t e r -  
i s t i c s  and a i d  i n  t h e  development of s u i t a b l e  seeding/cleanup techniques t o  
minimize ash depos i t i on .  

These t r ends  w i l l  be explored a s  t e s t -  

To a s s i s t  i n  a c q u i s i t i o n  of t h e  s t i c k i n g  d a t a ,  a new deposi t ion t e s t  
f a c i l i t y  has been f ab r i ca t ed .  
opposed t o  t h e  previously a v a i l a b l e  atmospheric p re s su re  LETR u n i t  and con ta ins  
t h r e e  sets of o p t i c a l  access  p o r t s  which permit  t h e  use  of non-intrusive o p t i c a l  
d i agnos t i c  equipment. The combustion/deposit ion en t r a ined  r eac to r  (CDER) h a s  a 
higher throughput,  a wider range o f  a c c e s s i b l e  v e l o c i t i e s  and temperatures,  a 
temperature-controlled t a r g e t  assembly, and an  extensive s e t  of automated con- 
t r o l  f ea tu re s .  In add i t ion ,  t h e  t a r g e t  assembly may be modified t o  examine 
impaction geometries o the r  t han  90° and thereby extend our s t u d i e s  beyond the 
stagnat ion p o i n t  t o  model depos i t i on  on t h e  p re s su re  and vacuum a i d e s  of a gas 
turbine blade.  

I t  i s  performance r a t e d  a t  12 atmospheres a s  

Some of t h e  code modif icat ions under way include an improved 
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desc r ip t ion  of deposi t  thermal conduct ivi ty  (21), incorporat ion of depos i t  
shape e f f e c t s  and d i f f e r e n t i a l  s t i c k i n g  c o e f f i c i e n t s  (obtained from high-speed 
photography of growing depos i t s ) ,  add i t ion  of a subrout ine t o  allow g lue  uptake 
by p a r t i c l e s  during t h e i r  t r a n s i t  across  t h e  boundary l aye r  ( t h i s  may be 
s tudied experimentally by methods s i m i l a r  t o  those of Liang [SI), considera- 
t i o n  of simultaneous deposi t  erosion ( i . e . ,  negat ive instantaneous s t i c k i n g  
coe f f i c i en t s ) ,  and incorporation of phase change processes  and pa r t i c l e -g lue  
d i f fus ion  wi th in  already formed depos i t s  (possibly access ib l e  by i n  s i t u  
specular  r e f l ec t ance  FTIR). 

CONCLUSIONS 

Pred ic t ions  of ash fou l ing  behavior have previously been made based on a 
v a r i e t y  of empir ical  o r  thermodynamic f a c t o r s .  Unfortunately,  n e i t h e r  t h e  
empir ical  parameters ( i . e . ,  sodium l e v e l ,  fou l ing  index) nor the  thermodynamics- 
based l i q u i d  phase f r a c t i o n  provided an adequate p red ic t ion  of t h e  s t i c k i n g  
behavior of a given coal .  However, by a combination of thermodynamic ana lys i s  
v i a  t h e  PACKAGE code t o  ob ta in  l i qu id  phase f r a c t i o n s  and t h e  a p p l i c a t i o n  of 
t h a t  data  within t h e  context of t h e  se l f - r egu la t ed  s t i c k i n g  concept (12), a 
f a i r l y  good comparison was obtained between predicted s t i ck ing  values  and 
experimental  r e s u l t s .  
regulat ion concept is s t i l l  i n  its developmental s t ages .  

This was e s p e c i a l l y  encouraging because t h e  self- 

The o v e r a l l  ob jec t ive  of t h i s  research has been t o  suggest methods of 
mit igat ing t h e  deposi t ion process i n  d i r e c t  coa l - f i r ed  gas tu rb ines  and,  t h u s ,  
r e l i eve  the  economic burdens of maintenance and aerodynamic e f f i c i ency  loss. 
The good agreement between t h e  simple equilibrium/mass t r a n s f e r  model and t h e  
s t i c k i n g  c o e f f i c i e n t s  obtained i n  t h e  LETR represents  a f i r s t  s t e p  toward t h a t  
ob jec t ive .  Thus, given t h e  ul t imate  ana lys i s  of a p a r t i c u l a r  l o t  of c o a l ,  t h e  
propensi ty  of t h a t  coal  t o  form depos i t s  i n  a b o i l e r  o r  gas tu rb ine  could be 
determined. I n  add i t ion ,  s p e c i f i c  coa l  c leaning procedures o r  coa l  a d d i t i v e s  
could be recommended t o  mit igate  the  formation of depos i t s .  A combined experi-  
mental and t h e o r e t i c a l  program has been i n i t i a t e d  t h a t  extends t h e  work pre- 
sented here  t o  provide a data  base of s tandard c o a l ,  coa l  add i t ive ,  and pure 
mineral  s t i c k i n g  c o e f f i c i e n t s .  
model w i l l  be updated t o  b e t t e r  r e f l e c t  condi t ions wi th in  a c t u a l  gas turbines . '  
Future manuscripts w i l l  provide d e t a i l e d  comparisons between t h e  ope ra t iona l  
c h a r a c t e r i s t i c s  of r e a l - l i f e  gas tu rb ines  and t h e  deposi t ion and combustion 
environments i n  t h e  LETR and the CDER, and t h e  r e l a t ionsh ips  between s t i c k i n g  
c o e f f i c i e n t s ,  t u rb ine  fou l ing  r a t e s ,  and ac tua l  a s  we l l  a s  simulated t u r b i n e  
depos i t  compositions. 

I n  t h e  course of t hese  tests, t h e  s t i c k i n g  
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Figure 3. Target Assembly w i t h  F iber  Opt ic  Pyrometer: A ,  Nozzle; B, Targe t ;  
C, Target Pedes ta l ;  D ,  Target Retaining Ring; E ,  Lens; F, Exhaust; G, Fiber  
Optic;  H, Opt ica l  F i l t e r ;  I ,  Detector;  J, Signal  Amplifier,  E lec t ronics  and 
Computer In t e r f ace .  
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Figure 4. 
f o r  Tested Coals: A,  North Dakota L ign i t e ;  B, Spring Creek Montana Subbitumi- 
nous; C ,  Arkwright P i t t sbu rgh  Bituminous; D,  Kentucky (Cleaned MAX-2) B i t u m i -  
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f o r  Tested Coals: 
nous; c, A r h r i g h t  P i t t sbu rgh  Bituminous; D, Kentucky (Cleaned MAX-2) 
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Clue on the Target Surface in the UTR. 
A, Iron; B, Silicon; C. Calcium: D. Aluminum. 
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Figure 9. 
Target Surfaces in the LETR. Surface Temperature = 1107 K. 
B, Titanium; C, Magnesium; D, Sulfur; E, Sodium. 
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INTRODUCTION 
For graphitic carbons reacting with O,, it is well established that the C atonis in the gasification 
products originate froin the active surface, the (111) and ( lo[)  planes (1,2,3,4,5,6]. Even when 
the basal plane is gasified, it. is gasified at. defect.s which expose C atonis in t.liese planes (71. 
The gasified atoins are produced via either or both of the reactions below depending upon t h e  
reaction conditions. 

c s d ( o ) ( S )  A eo($’) (1) 

2Csd(O)(S) CO,(g) + c!,d(J) (2) 
‘rhe ‘sd’ subscript. (strongly desorbing) in resc.tions 1 and 2 is used to show that only part of 
t,lie act,ive surface, the part comprised of surface atoms, is able to form t,hp c!.d(o) surface 
complex which is the precursor to the desorbed products. The rest. of the surface oxygeii complex 
is stable [8,9]. The fraction of the active surface which can form uustable surface oxides increases 
with increasing temperature. Because it is difficult to separate primary product, CO or CO2 
from that produced by secondary reactions, a net desorption turnover number for C gasification, 
TONc, will be used. I t  is defined in Equation (3)  below as the atoms of C gasified per unit 
time per 0 atom of surface complex and incorporates the two more fundamental const,ants froin 
reactions 1 and 2 above. 

TONc = kl + kz[C,d(O)] (3) 
Square bracket,s, [ 1, denote species activities. Equation (4) shows that TONc is the slope of t h e  
C gasification rate versus [C,d(O)] plot. 

C gesification rate = TONc: [Csd(o)] (4) 

To the extent that the st.eady state primary product CjO/C!Oz ratio is large, the gasification rate  
will be a more linear function of the unstable surface oxide concentration and the TONG will 
bet,ter approximate kI. 

Althougli Inw teiiiperature 0, chemisarptio!? !ec!miqnes !lave beex1 !:sed to I I I P Z S ~ . ! ~ ~  the ac!ive 
surface [8,10,11], the pa.rt, of the active surface actuaJly measured and it,s relationship i.0 the par t  
involved in the gasification, t,lie covered strongly desorbing part, is not always clear. Aside from 
an in situ spectroscopic examination of the surface which, as yet, is undeveloped, a better way 
to est,iniate the surface involved ill gasification nlay be to cool down a gasifying sample in Oz 
and then measure the surface 0 content. At. the instant. of cooldown, the surface oxides consist 
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of stable and unstable types. As the temperature decreases, more of the unstable surface oxides 
become stable. Some of tlie unstable surface oxides desorb but should be replaced because 
tlie activation energies for adsorption and migration of 0 species are snialler than the activation 
energy for desorption [12,13,14]. Tlie replacement, of recent,ly desorbed surface oxide would be less 
complete as the kinetics become less dominated by tlie desorption step. This litnits the technique 
to low temperature, high 0, pressure gasification. The cooled sample then contains oxygen 
originating from both the st,able and unstable surface oxides. This oxygen can be recovered as 
CO and CO, by heating tlie surface oxides t,o about 1240 K [$I. 

Tlie technique described above was used t,o st,udy the gasification of a spectroscopic purity 
graphite powder in various pressures of 0, at t,emperatures low enough so that tlie observed gasi- 
fication rates were clearly chemically controlled. The result,s demonstrate a relationship between 
t,he gasification rate and the amount of surface oxide collected immediately after gasification. 
The relationship may be int.erpreted in terms of st,able and unstable surface oxide and yields an 
estimate for tlie TONc. This estimate is compared to global turnover uumbers from the litera- 
ture. Tlie comparisons dramatize tlie importance of active site coverage in clarifying the role of 
active surface in gasification. 

EXPERIMENTAL 
Raartivit.y and linear programmed thermal desorption (LPTD) runs were performed in the same 
coiiiputer iuterfaced high pressure flow reador. Gasificat,ion or desorpt,ion produc4.s were quanti- 
fied by CO and CO, liondispersed infrared detectors and a mass flowmet.er. Hydrocarbon free 0 2  

of >99.99% purity with a reported moisture cont.ent < 3 ppiii was used for the reactivity studies. 
Ult.ra high purity Ar (>99.999%), passed tlirougli a Zr alloy gettering furnace to lower HzO and 
0 2  levels t,o < 0.1 ppm, was used for t,he LPTD rum.  The carbon st.udietl was Union Carbide 
SP-1 spect,roscopic. purity grapliit,e powder which had a tot,al impurit,y cont,ent. o f  < 0.1 ppm. 
It was supported unconsolidat.ed in  t.he reador on high purity alumina or quartz trays or on 
sapphire disks. 

C;raphit,e samples were loaded into t,lie reactor, given a LPTD, then gasified to 20% burn-off 
at. 8 4 0 f 3  K at a fixed 0, pressure. After cooling in O,, the surface oxide was collec.ted with 
another LPTD. Oiice loaded into the reactor, t,he sample was not. exposed to ambient air until 
the final LPTD was finished. LPTD’s were performed from ca. 300 K to  1234 K at  5 K/min. 
Full det,ails are given elsewhere [15]. 

RESULTS AND DISCUSSION 
Gasification proceeds through three stages as noted before [ I G , l i ] .  All samples were burnt-off 
t,o 20% to be within the range of steady sthte gasification. Figure 1 illustrat,es that,, when the 
react,ion conditions are kept, constant,, the gasificat,ion rat.e exhibits more varia1)ilit.y at. low sample 
weight,s and decreases with increasing sample weight,. A mass transfer calculat.iou following the 
procedure in reference [lg] for t,he case most. limit,ed by 0, transfer yields a value of 4’9 = 0.0032 
which is safely below the 0.1 upper liniit for chemical ront~rol. ( q 5 ’ ~ ~  is roughly the ratio of the 
actha1 OZ consumption rate to  the niass t,ransfer limited 0, supply rate.) Therefore, 0, inass 
transfer limitation is not causing the decrease in gasification rate with increa.sing sample weight. 
For t,he largest. weight samples, CO inhibition can explain t,he slight gasificai.ion rate decreases 
[18]. For the smaller weight. samples, however, t.he decrease in rate with sample weight appears 
to be due to the influence of extrinsic catalysis. This view is supported by tlie higher C 0 2 / C 0  
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ratio in the product gas for these saniples as well as microscopic exanlinations of the burnt 
graphite powder which reveal that tlie smaller weight, higher reactivity saniples exhibit a much 
higher incidence of flakes with roughened edges and channels. The gasificat,ion d e s  were not 
significantly influenced by changing t,he sample support. mat,erials. 

A typical LPTD profile obtained after 20% burn-off in 2.3 MPa O2 at. 8 3 i  K is illustrated 
in Figure 2. All LPTD profiles were siniilar anti differed iiiainly in the evolut,ion rates and total 
amounts but lit,t,le in t,he rate-t,etiiperat,ure profile. Most of the gas recovered during LPTD was 
CO. It is likely t,hat t,he siniilarit,y in LPTD profiles is due at least. partly to very rapid surface 
oxide niigration or rearrangement. 

Figure 3 illustrates the relatioilship between the steady state gasification rate aud the surface 
oxide collected afterwards expressed in t,ertiis of tot,al 0 collectetl. Because a vert,ical temperature 
gradient existed at the highest. 0, pressure, 3.5 MPa, the sample temperature during gasification 
at. this pressure could be as high as 851 K. Regardless of whet,lier the rat,e differences among t,he 
samples are caused by sample size (catalysis) or 0, pressure differences the data follow t,he same 
trend. A least squares linear fit t,o tlie data  shows that, 5.5 pniole O/g of the surface oxide is 
st,able. The excess is iuist.able and has a TONc of 0.043 SKI. The absence of significant curvature 
in Figure 3 implies t.hat t,he TONo closely approximates k l .  

This t.rrrnover number is compared wit,h ot,her inore global turnover numbers from the liter- 
at,iire in Figure 4. In Figure 4, the right hand vert.ical scale is in units appropriate for turnover 
numbers, t,he left. hand vert.ical scale is in units nppropriak for edge recession rat,es. Where nrces- 
sary, react,ivit,ies i n  Figure 4 were extrapolated to 1.3 KPa using an O2 r e a d o n  order of 0.5. The 
literature global t,urnover nunihers are the gasification rates divided by the t,ot.al act.ive surface 
areas, i.e. C: atoms gasified per unit t.ime divided by C atoms exposed at  edges of basal planes. 
These global turnover nuiiibers may be obt.ained directly from microscopic observations of the 
recession rates of pits i n  t.he basal plane [5,20,21,22,25] or of t,he recessiou rates of unwet. catalyst 
channels at. points far from the cat,alyst particle [23,24]. They niay also be obtained by dividing 
the gasification rate by t.he amount of chemisorbed 0 [SI. The chenlisorption conditions must be 
chosen with care. Low temperature cheniisorption niay suffer froni failure to sat,urate the entire 
active surface due to kihet,ic limitat.ions. At higher t,eniperat,ures, significant, fract,ions of the 
act,ive surface will be Csd type and unable t,o ret,ain surface oxide. Since active surface coverages 
are not known for t,he literature global turnover numbers, they cannot be converted into TONcs, 
however they do represent the lower limits t,o the TONcs. The scatter in the data  in Figure 4 
is probably due to variable coverages of active surface caused by variable degrees of catalysis, 
since the dat.a were normalized for O2 pressure. The upper line in Figure 4 is constructed using 
da ta  having the lowest. reported O2 reaction order of 0.3 [21] and thus t,he highest active surface 
coverage. This line should niore closely approximate the TONG. 
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This study focuses on correlations observed between char reactivity, on the one 
hand, and char resistivity and structural properties on the other. It is the 
continuation of a study reported recently on the relationship between char 
reactivity and pyrolysis conditions (1). There, it was found, as others have 
observed before (2-5), that for most coals, reactivity decreases with increasing 
degree of pyrolysis. As pyrolysis progresses a number of changes occur in the 
char: 
about and changes occur in the sample shape, pore size distribution and surface 
area. 

With so many factors varying, the observation of a correlation between char 
reactivity and one factor need not imply a cause and effect relationship between 
the two. 
at a time. and observe its effect on the measurement. 
chars. The result is that the research in char reactivity has established trends, 
but not a quantitative theory. 

A great deal is known about char reactivity, as can be seen from two reviews of the 
subject (4,5). For the present work, only a subset of this information is needed, 
which we take from the reviews. Correlation of char reactivity has been made with 
heteroatom content (oxygen and hydrogen in this instance), with structure and with 
mineral content. The *'structure" generally refers to the number of exposed edge 
atoms of lamellae (6.7)-  In pure graphite these sites have been shown to be the 
most reactive towards oxidation, and it is commonly held that these edge sites are 
most reactive in chars, also. An exception to this is the location of sites 
activated by mineral matter. These sites are found in the basal plane of graphite 
(4). 

In this work, chars have been characterized with respect to reactivity, surface 
area, heteroatom content, ash content, x-ray diffraction, and resistivity. The 
char characteristics have been correlated vith coal rank, coal mineral content, and 
the heating rate and final temperature used for char preparations. 
presents a summary of the observed trends. 

hydrogen and oxygen content decrease, a greater degree of order is brought 

The traditional way to deduce cause-and-effect is to vary only one factor 
This is not readily done for 

Reactivities have also been correlated vith resistivity (8). 

The paper 

lPmmmms 

Char Preparation 

The experiments described here were carried out on a char formed from phenol 
formaldehyde resin, as described by Suuberg, et al. (9) and on chars formed from 
raw and demineralized coals and lignites. Demineralization was carried out by the 
procedure of Bishop and Ward (10). The chars vere formed by heating in an inert 
gas within an entrained flow resctor (EFR) for a variety of residence times and 
uximcg temperatures. cr by heating in s Thermogrovimctric Afialjier (TCA) a: 
30°C/mfn to 600, 700, 800 or 900-C. 
well a8 those of the charred materials, are shown in Table I. 

*Div. of Engineering, Brown University, Providence, RI, 02912 
+Physics Department, University of Connecticut, Storrs, CT 06268 

The composition of the starting material as 
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Beactivity measurements 

Initial char reactivity measurements were made using the isothermal technique 
developed at Pennsylvania State University (11). In this method, the char is 
heated in a TGA in nitrogen to the desired temperature, usually 400-500°C. 
time for 50% burnoff, 7'0.5, is used as the reactivity index. In our char 
characterization work, we had difficulty applying the isothermal techniques to 
chars formed over a wide range of conditions. A temperature level selected for one 
char was inappropriate for another. 

In order to  overcome this difficulty, a non-isothermal technique was developed 
using a Perkin-Elmer TGA 2 (1). The sample (about 1.5 mg) is heated in air at a 
rate of 30 K/min until a temperature of 900°C is reached. The TGA records the 
sample weight continuously and, at the end of the experiment, the weight and 
derivative are plotted. 
fractional weight loss with respect to time reaches a value of 0.11 wt. 
fractionlmin was chosen as an index of reactivity. This was compared with the 
70.5 values measured by the isothermal technique and a good correlation was 
observed (1). 

The 

, 
The temperature (Tcr) at which the derivative of the 

Surface Area Determinations 

The surface areas reported in this paper have been obtained at Brown University 
using a Quantasorb instrument, manufactured by Quantachrome, Inc. The sample cell 
is immersed in liquid N2 for N p  adsorption or a dry ice-acetone bath at -78 'C .  for 
CO2 adsorption. 
made using classical BET theory; typically three points have been taken at values 
of (P/Po) of 0.1, 0 . 2 .  and 0.3. 

Determinations of surface area from the sorption data have been 

X-Ray Diffraction Measurement 

Powder diffraction patterns were recorded on film with a Debye-Scherrer camera 
(dia. 5 7 . 3  mm),  in air. The films were read with a diode-phototransitor pair, 
feeding a logarithmic amplifier whose output drove the Y-channel of an X-Y 
recorder. The X-Y chart record, then, is of film darkening (proportional to x-ray 
intensity) versus distance along the film. Graphite was the reference material. 
The sample capillary diameter ( 0 . 5  mm) and the aperture of the limiting slit in the 
film reader, were chosen so that the (100) and (101) lines of graphite were 
resolved. 

Where intensity measurements of more than one sample are compared, the same 
exposure conditions and times were used to record the data. The background 
scattering from air and capillary were determined by a "blank" (empty capillary) 
run. and sample densities were estimated from the sample contribution to the large 
angle scattering, assumed t o  be incoherent (12). Heteroatom contribution was not 
taken into account when estimating the sample density. "Line" intensities were 
determined by subtracting the interpolated smooth background from the corrected 
data. 

Besistivlty Measurements 

The apparatus that was used for the sample cell in the electrical resistivity tests 
is similar in form t o  that described by Mutso and DuBroff ( e ) ,  although smaller. 
In the apparatus used here. a small amount of sample (about 15 mg) is introduced 
into the cell, and the electrical resistance of the sample, under a constant 
pressure of 1000 p.s.i. is measured by a digital ohm-meter. 
mg) sample weight and compressed density are determined, and from these 
measurements and the known cell dimensions, a resistivity is calculated. 

Both the exact (50.1 
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If is poss ib l e  t h a t  i n t e r p a r t i c l e  r e s i s t a n c e ,  as w e l l  as the  i n t r i n s i c  m a t e r i a l  
property,  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  measured r e s i s t i v i t y .  This p o s s i b i l i t y  
w a s  i nves t iga t ed  f o r  a number of chars  by measuring the  r e s i s t i v i t y  f o r  a s ieved 
sample (-200 +325 mesh), and a sample ground t o  micrometer s i zed  p a r t i c l e s .  A 
sma l l  e f f e c t  was seen,  a l though a l l  measurements on one char  were wi th in  < 5 % .  

Likewise,  t h e  e f f e c t  of cha r  d ry ing  on r e s i s t i v i t y  was  i nves t iga t ed .  No 
s i g n i f i c a n t  e f f e c t  was observed between the  r e s i s t i v i t y  of chars  t h a t  had been i n  
jars f o r  s e v e r a l  days,  and t h a t  of f r e s h l y  d r i e d  material. 

RESULTS ANLl DISCUSSION 

B e a c t i v i t y  VS. xxtent of Pyrolysis 

Figure 1 summarizes the  r e s u l t s  f o r  cha r s  from the  f i v e  coa l s .  This  f i g u r e  is 
based on Fig. 5 of Ref. 1 with a d d i t i o n a l  coa l s  and wi th  measured values  r a t h e r  
t han  ca l cu la t ed  va lues  of hydrogen f o r  t h e  Kentucky No. 9 chars.  The c r i t i c a l  
temperature (To), which v a r i e s  i n v e r s e l y  wi th  r e a c t i v i t y ,  is p lo t t ed  a s  a f u n c t i o n  
of t he  (da f )  hydrogen con ten t ,  which is used as a measure of the ex ten t  of 
py ro lys i s .  
r e a c t i v i t y )  with dec reas ing  hydrogen. Most of the  change occurs below 2 1/2% 
hydrogen, a f t e r  t he  evo lu t ion  of a l i p h a t i c  hydrogen is complete. That is, Tcr 
appears  to vary p r i m a r i l y  with t h e  concen t r a t ion  of aromatic hydrogen. This  
v a r i a t i o n  could be due t o  a v a r i a t i o n  in t h e  a c t i v e  s i t e  concentrat ion,  possibly 
c o r r e l a t e d  w i t h  t h e  r i n g  condensat ion accompanying t h e  e l imina t ion  of aromatic  
hydrogen. 
low rank c o a l s  con ta in ing  mine ra l s ,  as cha r s  f o r  a wide range of condi t ions a l l  
f e l l  along t h e  same curve. The prel iminary r e s u l t s  f o r  bituminous c o a l s  and 
demineralized low rank c o a l s  do  not e x h i b i t  the same degree of r e a c t o r  
independence. 

It should be noted t h a t  t h e r e  is a l s o  r i n g  oxygen i n  the  cha r  which is removed a t  
about t h e  same rate as t h e  hydrogen and which may be r e l a t e d  to  t h e  r e a c t i v i t y  
changes. S imi l a r  c o r r e l a t i o n s  were observed wi th  oxygen concentrat ion f o r  chars  
produced from a s i n g l e  c o a l ,  i.e., t he  r e a c t i v i t y  decreases  with decreasing char  
oxygen concen t r a t ion .  However, it is thought t h a t  t h e  hydrogen is t h e  major 
i n d i c a t o r  of r e a c t i v i t y ,  s ince  it is presen t  a t  about f i v e  t imes the  l e v e l  of 
oxygen on a n  atomic bas i s .  Our s t u d i e s  i n d i c a t e  t h a t  t he  oxygen content  of t he  
parent  c o a l  is more important ( s e e  below). 

The upper s o l i d  line i n  Fig. 1 is a "best  f i t "  l i n e  drawn through t h e  da t a  f o r  
Kentucky N o .  9 and P i t t s b u r g h  Seam bituminous chars .  
b e s t  f i t  l i n e  drawn through the  Zap l i g n i t e  chars.  

Reac t iv i ty  VS. Mineral Content 

It is known t h a t  t h e  v e r t i c a l  displacement of t h e  curves  i n  Fig. 1 is a t  l e a s t  
p a r t l y  due t o  t h e  v a r i a t i o n s  i n  c a t a l y t i c  a c t i v i t y  of minerals .  This  e f f e c t  has 
been observed i n  previous s t u d i e s  which have been reviewed by Mahajan and Walker 
(13). The most r e a c t i v e  chars  are f o r  t h e  Zap l i g n i t e  which a re  known t o  have a 
high Na and C a  content .  The r e s u l t s  f o r  Tcr versus  daf hydrogen content  f o r  Zap 
cha r s  demineral ized by two procedures a r e  shown i n  Fig.  2. In both procedures,  t h e  
Bishop and Ward technique (10) was used, except t h a t  i n  procedure 1 t h e  €IF was used 
a t  one - f i f th  normal s t r eng th .  It is apparent  t h a t  t h i s  produced a lower ex ten t  of 
demineral izat ion.  v h i c h  was v e r i f i e d  by XPES ana lys i s .  Both da t a  s e t s  a r e  compared 
t o  the "best  f i t "  l i n e  drawn through t h e  Zap da ta  i n  Fig.  1. It is evident  t h a t  
r e a c t i v i t y  r e s u l t s  f o r  the Zap demineral ized by procedure 2 a r e  s i m i l a r  t o  cha r s  
from bituminous c o a l s  ( s ee  Fig. 1). Samples of P i t t sbu rgh  Seam and I l l i n o i s  No. 6 

For each cha r  type,  t h e r e  is a t r end  f o r  i nc reas ing  Tcr (decreasing 

There does not appear t o  be any d r a s t i c  e f f e c t s  due t o  hea t ing  r a t e  f o r  

The lower s o l i d  l i n e  is a 
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bituminous coals were also subjected to demineralization but did not exhibit as 
dramatic an effect- 

Reactivity vs. Surface Area 

Another area of investigation was the differences in surface area among the chars 
that were tested for reactivity. 
m2/gram. In general, for any given coal, N2 surface areas went up with decreasing 
hydrogen content below 3% hydrogen, where the reactivity was observed to decrease. 
N2 surface areas also increase with the extent of burnoff at essentailly constant 
reactivity. So reactivities do not correlate with N2 surface areas. 

GO2 surface areas varied from around 10 to over 300 m2/gtam with almost all chars 
in the range of 100 to 300 m2/gram. The C02 surface area which varies by factors 
of 3 shows no correlation with reactivity which varies by factors of 100. 

The fact that reactivities do not correlate with surface is not surprising. As 
discussed by Walker and coworkers (3,7,13), it is the active surface area (ASA) as 
measured by oxygen chemisorbtion which is important. However, Suuberg, et al., (9) 
have recently called into question the utility of oxygen chemisorbtion as a 
technique for measuring the ASA of "young" chars. In this work. we have not 
attempted to measure ASA's. 

Reactivity re- Rank 

A systematic study of the variations of reactivity with coal rank has been 
performed. 
parent coal and the reactivity of char produced in the TGA by heating in nitrogen 
at 30°C/min to 900'C. 
solid squares show the results for demineralized coals. For raw coals there is a 
decrease in reactivity with increasing rank. 
Mahajan and Walker (13). For demineralized coals above 8% oxygen, the reactivity 
does not vary with oxygen. 
with increasing rank is a property of the organic matter at high rank (less than 8% 
oxygen) and mineral matter at lower rank (greater than 8% oxygen). 

N2 surface areas varied from 1 to over 100 

Figure 3 presents a correlation between the oxygen content in the 

The open squares are results obtained for raw coals, the 

Similar results were summarized by 

The results suggest that the decrease in reactivity 

Reactivity VS. Molecular Order 

For a series of chars formed from Eastern and demineralized Western coals and 
lignites, the reactivity and the x-ray diffraction patterns were measured. 
increasing degree of pyrolysis, Tcr increases, indicating reduced reactivity (1). 
This correlation has been observed before (7). 
pyrolysis, the'extent of ordering increases, as indicated by the greater intensity 
and lower breadth of the (10) diffraction line from the chars (Fig. 4). 
was amongst the first to describe this particular correlation (14). Combining the 
two. it is seen that there is a correlation between decreasing reactivity and 
increasing order, apparently implicating lamellae edges as the active sites. 

In looking for a parameter from the x-ray scattering data to characterize "order" 
in a simple way, it is noted that most workers in the field use crystallite 
diameter, h. For ideal crystallites, the diameter can be found from the breadth 
of the (10) line, or its angular shift,(l5). 
work, lamellae diameters are under 30 A, and do not change dramatically during 
pyrolysis. On the other hand, the intensity in the (10) band. for a fixed density 
of lamellae, increases as N2, where N is the number of atoms in the lamellae (15). 
Under these circumstances. the intensity increases with Lu to the fourth power. 
The intensity is a very sensitive measure of lamellae growth, and therefore, of 
order- 

With 

Also with increasing degree of 

Franklin 

For the chars investigated in this 

Thia is the parameter which Radovic, et al. used in their work ( 7 ) .  
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Figure 5 presents the intensity of the (10) band versus the critical temperature, 
for a number of chars formed by slow heating. These chars were all prepared from 
demineralized chars to avoid interference from the mineral diffraction lines. It 
is seen that there is a trend of increasing intensity of the (10) band with 
increasing Tcr. In other words, the chars become less reactive as they become more 
ordered (7). As mentioned above, other properties of the char change with 
increasing heat treatment. It has not been demonstrated here that the correlation 
in Fig. 5 is one of cause and effect; the relationship is as expected, however (5). 
Chars created at high heating rates (not shown) appeared to fall near the other 
chars but with higher uncertainty due to their low density. 

Reactivity VS. Resistivity 

In continuing to seek correlations between char reactivity and other parameters, we 
were l ed  by the work of Mutso and DuBroff to investigate the relationship between 
reactivity and resistivity (8). 

In the work described in Ref. 8. and other earlier wqrks, the relationship between 
reactivity and resistivity was performed for cokes, formed from coking coals which 
come from a relatively narrow range of coal rank. 
reactivity. indicated by Tcr, versus resistivity, for a wider range of starting 
coals, including the demineralized lignite, as well as for the resin char (Fig. 6). 

Also in Fig. b are plotted data points for chars formed from North Dakota lignite 
without treatment. These are the points on the line far removed from the shaded 
band which encompasses & other points. 
Western lignite, there is an excellent correlation between char reactivity and 
electrical resistivity. 

The removal of the data points from the shaded band for lignite with minerals, can 
be traced to the effect of minerals on reactivity ( 4 ) .  The minerals do not have a 
major effect on resistivity for the samples measured here. 

In the present case we plot 

For Eastern coals, and for demineralized 

cow.msIons 

Results are presented which are used to make, or to restate, the following 
conclusions: 

0 A new test has been developed which allows relative reactivity to be 
determined for chars of widely varying reactivity. 

Reactivity was found to decrease with increasing extent of pyrolysis, as 
determined by (daf) hydrogen content. 

0 

0 The effect of heating rate or reactivity appeared to be unimportant for 
non-demineralized low rsnk coals. 

0 The differences in reactivity of chars do not depend strongly on the char 
surface area measured by N2 or C02. 

For coals with more than 8% oxygen. mineral effects appear to be 
important in determining reactivity differences between chars from 
different coals. 

A relationship between extent of order and char reactivity is 
demonstrated for chars formed by slow heating. 
Tcr against the intensity of the (10) rr a y  diffraction line. 

0 

0 

This is done by plotting 
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b The work done by others (8) showing a correlation between coke reactivity 
and electrical resistivity. is extended to chars. Again, a correlation 
is observed, although only in the absence of mineral effects. 
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TABLE I 

Composition of Starting Denineralired Coals and Chars (utZ DAF) 

Carbon Hydrogen Nitrogen Ash 

Zap Lignite 63.54 4.32 0.79 0.18 
Lignite Charred 
In EFA to 0" 78.85 2.55 1.05 0.76 

8" 86.31 1.36 0.79 0.60 
16" 87.55 0.93 0.91 1.54 
24" 88.74 0.51 0.53 0.43 

Lignite Charred in 
TGA at 30°C/min 
to a final 
temp. of 600'C 

700'C 
800°C 
9 0 0 Y  

Pocahontas Coal 

Rosebud Coal 

Pittsburgh Seam Coal 

91.03 4.71 

72.10 4.90 

0.38 
0.37 
0.49 
0.29 

0.98 1.54 

1.20 3.68 

1.40 2.31 80.90 5.50 
143 



=e 
- ~ t y 3 0 0 1  

0.0 1.0 2.0 3.0 4.0 5.0 
Weight Percent Hydrogen (daD 

Figure 1. Comparison of Reactivity for Chars from Five Coals of Various 
Rank as a Function of Hydrogen Concentration. Tcr Varies Inversely with 
Reactivity. 
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Figure 2. Comparison of Reactivity of Chars from Demineralized Zap Lignite 
(data) with Chars from Raw Zap Lignite (line from Figure 1). 
was a Modification of the Bishop and Ward (ref.lO) technique with a Lower 
HF Strength. 

Procedure 1 

Procedure 2 was the Standard Bishop and Ward Technique. 
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Figure 3. Variation of Reactivity with Coal Oxygen Content for Chars 
Prepared by Heating in Nitrogen at 30°C/min to 900°C. 
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Figure 4. Diffracted X-ray Intensity Versus Angle, for Two Chars 
Formed from Demineralized North Dakota (Zap) Lignite. 
have been Displaced Vertically to Facilitate Comparison. 
( 1 )  was Formed by Heating at O.S°C/sec to 900°C; for (2) to 600°c. 
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Role of Carbon Active Sites in the Oxidation of Coal Chars 

Robert G. Jenkins and Andrej Piotrowski 

Fuel Science Program 
The Pennsylvania State University 

University Park, PA 16802 

INTRODUCTION 

Over the last two decades there have been numerous coal char and carbon 
gasification studies that have determined relative rates of the carbon/gas reactions. It has 
been demonstrated, quite clearly, that the measured chemical reactivities of chars are 
functions of coal rank, pyrolysis severity, the presence of catalytically active species, and, of 
course, the reactant gas and the specific reaction conditions utilized. The goal of this, and 
other investigations is to attempt to rationalize this range of reactivities in terms of some 
fundamental parameter/property of the char. The specific aim is to determine if a 
fundamental rate constant can be obtained for, say, the carbon-oxygen reaction. It is felt that 
such an approach will lead, eventually, to a better understanding of char gasification in terms 
of theoretical and practical considerations. 

Our approach has been to examine further the role that carbon active sites play in 
governing the reactivity of a wide range of chars and carbons. This concept was first put 
forward by b i n e  et al. (1,2) and has been extended by others (3,4,5). There appear to be 
relationships between reactivity and active site concentrations (as determined by oxygen 
chemisorption). The thrust of this study was to extend these types of reactivity studies and to 
examine, especially, the changes in active site concentration with degree of gasification 
(burn-off). An attempt has been made to develop a concept of "reactive" sites. That is, to 
consider sites that are actively participating in gasification reactions. The starting point of this 
concept is to define an equivalent reactive surface area (RSA) that can be utilized to 
normalize rates in terms of a pseudo Turn-over Number (TON). 

EXPERIMENTAL 

i. Materials 

Five coals ranging from lignite to anthracite have been used throughout this study. In 
addition, a relatively "pure" carbon was prepared from Saran polymer (a copolymer of 
vinyldene and vinyl chloride). The coals are PSOC 833 - a Montana lignite; PSOC 465 - a 
Wyoming subbituminous A coal; PSOC 1099 - a HVA coal from Pennsylvania; PSOC 11 33 - 
LV, Pennsylvania coal; and PSOC 868 - a Pennsylvania anthracite. 

Samples of the raw coals were subjected to a range of pretreatments to alter, in a 
selective fashion, the inorganic constituents. These modifications were brought about by ion 
exchange and acid-washing procedures for the lignite (PSOC 833) and by acid-washing 
procedure for the other coals. Selected samples of all the coals were treated with calcium 
acetate Solutions, varying from 0.001 M to 1.5 M, in order to change the calcium loading in 
the coals. Chars/cokes from the raw and treated coals were prepared either by slow heating 
(1OoWmin) up to final temperatures of between 975 K and 1275 K, or by rapid pyrolysis (- 
104 Wmin) at 1275 K in an entrained flow reactor. 
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ii. Apparatus and Procedures 

Isothermal and nonisothermal reactivities were determined in thermogravimetric 
analyzers (TGAs). Concentrations of CO and C02 in the product gas stream were measured 
by nondispersive infrared analyzers. 

Nonisothermal reactivity measurements were performed using a small sample of coal 
(e 4 mg) placed in a TGA bucket and heated at a constant heaiing rate 5 K min-1 to an 
ultimate final temperature in the reactant gas (air). The weight loss, and its first derivative 
were recorded. The parameter used to represent this reactivity is Tm, the temperature at 
which the maximum rate of weight loss (maximum of the first derivative) occurs. For 
isothermal reactivity measurements a sample of char is heated to the desired reaction 
temperature, in the absence of oxidizing gas, and then the reactant (air) gas was introduced. 
Weight change and its first derivative with time were determined directly by the 
thermogravimetric analyzer and also calculated from the composition of the gaseous 
products of reaction (CO and C02). Thus, the TGA reactivity is estimated from the following 
expression 

dw 
dt 

Rro* = I I W  x- 

where RTGA is the reactivity (min-1) at a given temperature and burnoff; w is the mass of the 
sample and dw/dt the instantaneous slope of the burn-off curve. The reactivity determined 
from the gas composition is calculated by a similar expression. 

Reactive surface area (RSA) at any given level of burn-off is calculated from a 
knowledge of the quantities of CO and C02 evolved. It is assumed that each oxygen atom 
occupies 0.083 nm2 (1). Using the values of Reactivity (R) and Reactive Surface Area (RSA), 
a Turn-over Number (TON) can be calculated (FURSA). The units of TON are g/m2 min. 

RESULTS AND DISCUSSION 

Nonisothermal reactivities for the five coals are listed in Table 1. It can be observed 
that the reactivity of the coals (Tm-temperature at which maximum weight loss occurs) 
inversely follows rank. That is, as the rank of coal increases the reactivity decrease (higher 
value of Tm). Significant differences in the Tm values (630 K to 800 K) are noted over the 
rank range examined for the raw coals. The values for the demineralized coals exhibit 
somewhat less variability (701 K to 809 K). It is important to note that the reactivities of the 
raw subbituminous and lignitic coals are significantly greater than those determined for the 
respective demineralized samples. However, for the higher rank coals, demineralization can 
actually produce a slightly more reactive material. Thus, we see that in the lower rank coals, 
and their chars, the presence of inorganic species does indeed dominate reactivity. In all 
cases (except raw lignite), heat treatment does reduce "reactivity." As would be anticipated, 
one also observes that increasing the heat treatment temperature for any given sample 
produces a less reactive carbonaceous material. These results, of course, show the 
influence of reduction in active site concentration and possible catalyst deactivation with 
increasing heat treatment. Overall, perhaps the most important observation to be made is 
that catalytic effects of inorganic matter in higher rank coals are less important than those 
found for lower rank coals. In addition, it is possible that during the demineralization process 
some closed porosity is opened, thus, increasing the overall accessibility to active area. It is 
also possible that acid treatment reduces the thermoplastic properties of the higher rank coal, 
which in turn leads to slightly higher reactivity. 
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It is interesting to note that for lignite the reactivities follow the level of calcium loading. 
However, loadings above some value of the raw sample (0.09 mmol/g) have relatively little 
additional influence on reactivity. It should be noted that the biggest changes in reactivity 
occur at the lower calcium loadings. 

Typical isothermal reactivity plots for a char (PSOC 833; Demineralized + 0.3 MCa; 
rapid pyrolysis at 1275 K, 0.3 s) are given in Figure 1. In this figure one can see that the 
reactivity profiles, as a function of burn-off, for this sample are very similar for the IR and TGA 
methods. The major discrepancy occurs at high levels of burn-off. In this case, the 
instantaneous reactivity appears to be increasing to about 10% burn-off, it then levels off to a 
relatively constant value up to 40% burn-off, and continues to increase to about 80% 
conversion. If one uses the gas analysis data to calculate the RSA then one obtains the plot 
shown in Figure 2. Using these RSA values, a TON as a function of burn-off (at 677 K) can 
be estimated (Figure 3). The variation of TON with conversion is quite small and appears to 
remain at a value of about 1.3~10-4 glm2 min. The only exceptions in this plot are at low 
levels of gasification (< 5%). We have found that application of this approach yields a 
relatively narrow range of values for TON for approximately 5 to 85% burn-off from all the 
chars and carbons studied (prepared at all degrees of pyrolysis severity). As an example, 
Figure 4 shows the values of TON for all the demineralized, heat treated coals used in this 
study (reactions for this suite of samples were made at temperatures between 658 to 721 K). 
It should be noted that TONS for the higher rank coal demineralized chars (anthracite and 
LV) have values of around 1.45~10-4 glm2 min, whereas the values for the equivalent chars 
from the lower rank coals (HVA, Subbit and Lignite) are somewhat lower (- 1 . 3 ~ 1 0 4  g/m2 
min), and appear to decrease slightly with burn-off. A brief summary of the preliminary data is 
given in Table 2. These results do show a remarkable degree of constancy for all these 
materials being gasified in air. 

CONCLUSIONS 

Nonisothermal reactivity measurements, in air, indicate the influence of the severity of 
timehemperature history on the subsequent reactivity of chars derived from a wide rank 
range. Instantaneous reactivities can be normalized by use of a reactive site concept. The 
calculated TON is quite constant for several chars (and carbons), over a wide degree of 
conversion and reaction temperature. 
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TABLE 1 

VALUES OF TEMPERATURE OF MAXIMUM WEIGHT LOSS (Tm) FOR NONISOTHERMAL 
REACTIVITIES IN AIR AT 5 K MINI FOR ALL COALS AND THEIR RAPID 

AND SLOWLY PYROLYZED CHARS 

Sample 

!&Ink? 

Raw 
Dernin 
Dernin + 0.01 Ca 
Dernin +0.1 Ca 
Demin + 0.5 Ca 
Dernin + 1 .O Ca 

suu?Jl 
Raw 
Dernin 
Dernin + 0.1 Ca 
Dernin + 0.5 Ca 

Raw 
Dernin 
Dernin + 0.1 Ca 

- LV 

Raw 
Dernin 
Dernin + 0.1 Ca 

rn 
Raw 
Dernin 
Dernin + 0.1 Ca 

No 
Pyrolysis 

630 
723 
639 
630 
61 3 
608 

648 
701 _- 
-- 

71 1 
686 .- 

735 
704 _- 

800 
809 _ _  

Tm (K) 
Slow Pyrolysis 

975 K (1 h) 1275 K (1 h) 
Rapid Pyrolysis 
1215 K (0.3 S) 

630 697 
755 829 
660 760 
61 3 741 
622 743 
61 9 748 

_ _  809 
750 809 
735 _- 
720 _- 

__ 
790 
70 1 

846 
81 1 -- 

_ _  846 
765 818 
738 _- 

_- 853 
823 851 
774 -- 

593 
744 
624 
574 
568 
570 

1275 K (0.3 s) 

709 
588 
541 

-- 

-_ 
725 
709 

-- 
730 
728 

-- 
794 
780 
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TABLE 2 
t 

I EXAMPLES OF CALCULATED TON'S AT 50% BO 

I Sample 
I 
I 

Saran Char 

Lianite - Dernin (1275. 1 h) 
Lignite - Demin 4 0.3 Ca ' 

Subbit - Demin 11275 K. 0.3 s) 
(1275, 1 h) 

Reaction 
Temp. K 

683 
702 
71 0 
72 1 
732 
720 
677 

654 
HVA - Demin (1 275, 0.3 s) ' 635 
LV - Dernin (1275, 0.3 s) 638 
Anth. - Dernin (1275, 0.3 s) 738 

t 

Ton x 104 
glm2.min 

1.52 
1.49 
1.50 
1.53 
1.51 
1.49 
1.30 

1.38 
1.35 
1.36 
1.50 
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NON-MAGIC ANGLE SPINNING NMR - AN APPROACH TO DETERMINE 
THE CHEMICAL SHIFT TENSORS I N  CHAR PARTICLES 
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U n i v e r s i t y  o f  Utah 
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INTRODUCTION 

Carbon-I3 NMR spectroscopy has been widely  accepted as a major 
a n a l y t i c a l  technique f o r  s tudy ing f o s s i l  fue ls .  Axelsonl and 
Davidson2 have reviewed the var ious so l  i d  s t a t e  NMR spectroscopic 
techniques f o r  coal studies. Cross polar izat ion/magic  angle sp inn ing 
(CP/MAS)3 provides i n fo rma t ion  on a r o m a t i c i t y  w h i l e  the d i p o l a r  
dephasing technique (DD/MAS)4 provides a d d i t i o n a l  d e f i n i t i o n  o f  the 
s t r u c t u r e  o f  coal by using the  %-1H d i p o l a r  coupl ing t o  separate the 
carbons i n t o  sub-classes; i.e., those t h a t  a re  s t rong ly  coupled t o  
protons from those t h a t  are weakly coupled i n  both the a l i p h a t i c  and 
aromatic reg ions o f  the spectrum. The combination o f  these two 
experimental procedures permi ts  one t o  de r i ve  a carbon s k e l e t a l  
s t r u c t u r e  o f  coal samples.5.6 

MAS experiments produce narrow l i n e s  i n  s o l i d s  b u t  va luable 
s t r u c t u r a l  i n fo rma t ion  i s  l o s t ;  i.e., the chemical s h i f t  an isot ropy 
(CSA) which i s  a man i fes ta t i on  o f  the three-dimensional s h i e l d i n g  o f  
the nucleus by the surrounding  electron^.^ The CSA i s  a second rank 
tensor having th ree  p r i n c i p a l  elements 011, 022, and a33 
character ized by unique resonance frequencies. These th ree  tensor  
components taken together w i t h  the i s o t r o p i c  sh ie ld ing  value ( the  MAS 
value which i s  the average o f  the th ree  tensor components) p rov ide  
valuable data regarding the l o c a l  e l e c t r o n i c  environment. The tensor  
can be obtained from the 13C NMR spectrum o f  a f i n e l y  powdered sample 
and the  tensor  elements are ex t rac ted  by ana lys i s  o f  the l i n e  shape. 
This technique prov ides not  on l y  tensor  components b u t  populat ion 
values as w e l l .  However, the spect ra l  ana lys i s  i s  complicated i f  more 
than one tensor  i s  present and uni  ue r e s u l t s  a re  no t  always 
achievable. Evenso, Pines, e t  a1.I used the technique t o  analyze the 
s t a t i c  spectra o f  several coals. These workers succeeded i n  
d i f f e r e n t i a t i n g  the con t r i bu t i ons  f r o m  aromatic and condensed aromatic 
carbons. Furthermore, they pointed ou t  t h a t  there i s  l i t t l e  
d i f f e r e n c e  i n  the  i s o t r o p i c  chemical s h i f t s  between these types o f  
carbons and these s h i f t  d i f f e rences  cannot be resolved i n  a CP/MAS 
experiment. The DD/MAS experiment has been shown t o  d i f f e r e n t i a t e  
between benzene-1 i k e  (i .e., C-H) and non-protonated aromatic carbons5 
( s u b s t i t u t e d  p l u s  inner ,  o r  bridgehead) b u t  the r e s o l u t i o n  o f  
s u b s t i t u t e d  and inne r  carbons i s  no t  r e a d i l y  a t t a i n a b l e  w i t h  standard 
MAS experiments. The sh ie ld ing  an iso t rop ies  o f  the th ree  general 
types of aromatic carbons are q u i t e  d i f f e r e n t  and, i n  p r i n c i p a l ,  
should be resolvable i n  the "non-spinning'' experiment. 
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Only f o r  i s o l a t e d  carbons, o r  f o r  simple compounds where break- 
po in ts  i n  the powder p a t t e r n  are d i sce rn ib le ,  i s  i t  poss ib le  t o  o b t a i n  
unique f i t s  o f  t he  l i n e  shape. Tensor i n fo rma t ion  can be ex t rac ted  by  
o the r  techniques such as anal s i s  o f  the spinning s ide  bands from 

(VASS). 
study p e r t i n e n t  model compounds and have used these data as a guide t o  
analyze l i n e  shapes and e x t r a c t  CSA tensor  values and popu la t i on  
f a c t o r s  i n  coals. The experimental techniques are app l i cab le  t o  chars 
as w e l l  as coals. The data permi t  us t o  est imate the s i ze  o f  the 
polycondensed aromatic s t ruc tu re  t h a t  i s  the main s t r u c t u r a l  component 
i n  chars. The aromatic s t r u c t u r e  o f  coal chars should p rov ide  
Val uabl e i n f  o n a t i  on regarding t h e i  r r e a c t i v i t y .  

slow sp inn ing MAS experiments 3 and v a r i a b l e  angle sample ~ p i n n i n g l ~ - ~ ~  
I n  t h i s  study we have used the s t a t i c  and VASS methods t o  

EXPERIMENTAL 

1. NMR Spectroscopy 

The NMR spec t ra  were obtained on a Bruker CXP-100 as descr ibed 
previously.6 The VASS method has been described by  Seth i ,  e t  al.13 

2. Spectral F i t t i n g  Procedure 

recen t l y  developed f i t t i n g  methodsl4. 
described as f o l l ows .  I t  i s  assumed t h a t  spins a r e  o n l y  exper ienc ing 
o r i e n t a t i o n  dependent chemical s h i f t  i n te rac t i ons .  This  i s  u s u a l l y  
the case when employing h igh  power proton decoupling. S ing le  spec t ra l  
s imu la t i on  r e q u i r e s  an i n i t i a l  est imate o f  these parameters: 1) the 
p r i n c i p a l  values o f  the d i f f e r e n t  CSA's o r  a l i n e a r  combination o f  
elements i n  an i r r e d u c i b l e  form; 2) the r e l a t i v e  i n t e n s i t i e s ;  and 3) a 
broadening fac to r .  One o r  more o f  these parameters can be locked t o  
some predetermined o r  known value, which i s  then he ld  constant 
throughout t h e  f i t t i n g  process. For example, i n  model organic  
compounds, t h e  r e l a t i v e  i n t e n s i t y  i s  u s u a l l y  locked t o  the atomic 
r a t i o s  g iven by t h e  molecular s t ructure.  I n  coals, however, these 
populat ion parameters a re  al lowed t o  vary f r e e l y  so as t o  p rov ide  
q u a n t i t a t i v e  data on i n d i v i d u a l  carbon types. Theoret ica l  spect ra a r e  
ca l cu la ted  us ing the "POWDER" method14. The parameters a re  adjusted 
w i t h  a simplex o p t i m i z a t i o n  r o u t i n e  t o  minimize t h e  sum o f  squares 
d e v i a t i o n  between the  t h e o r e t i c a l  and experimental spectra. I n  cases 
which necess i ta te  ob ta in ing  spinning spectra a t  d i f f e r e n t  angles, a l l  
spectra are f i t  simultaneously w i t h  the same se t  o f  CSA values. The 
t o t a l  sum o f  squares from a l l  spectra i s  used as the  m in im iza t i on  
c r i t e r i a .  Using th i s  technique, the redundant data prov ide 
ref inements i n  f i t t i n g  parameters which, f o r  a s i n g l e  spectrum, may 
e x h i b i t  i l l - c o n d i t i o n e d  behavior. 

The NMR powder p a t t e r n  analyses were c a r r i e d  ou t  by means o f  
The technique i s  b r i e f l y  

RESULTS AND DISCUSSION -- 
Aromatic CSA bands can be c a l s s i f i e d  i n t o  fou r  d i f f e r e n t  sub- 

groups which have tensor  components t h a t  e x h i b i t  v a r i a t i o n s  o f  ca. 
10-20%. These groups are: 1) benzene-l ike (sp2 C-H); 2) s u b s t i t u t e d  
(e.g. a1 ky la ted )  ; 3) condensed ( i n n e r  and bridgehead) ; 4) carbons 
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bonded t o  heteroatoms (nitrogen, oxygen, etc.l.15 The spectrum of an 
i s o l a t e d  carbon i n  a s t a t i c  sample presents  a c h a r a c t e r i s t i c  powder 
pa t te rn  which e x h i b i t s  break po in ts  corresponding t o  the tensor  
elements of  t he  i n d i v i d u a l  carbons o f  each sub-class. Examples o f  t h e  
i s o t r o p i c  peak superimposed w i t h  t h e i r  f i r s t  t h ree  Sub-ClaSSeS, 
together  w i t h  t h e i r  i s o t r o p i c  peaks, are g iven i n  F igure 1. 
three sub-classes represent the predominant types o f  aromatic carbons 
present i n  chars and h igh rank coals. An unambiguous tensor ana lys i s  
usua l l y  cannot be performed on s t a t i c  l ineshapes due t o  the over lap of 
several d i f f e ren t  CSA bands. This problem i s  e s p e c i a l l y  aCCUte f o r  
aromatic carbons s ince the u p f i e l d  components o f  these bands a r e  
usua l l y  bu r ied  under the much narrower a l i p h a t i c  resonances. 
s t a t i c  spectrum o f  1,2,3,6,7,8-hexahydropyrene prov ides a convenient 
representat ion o f  t h i s  problem. I n  add i t i on ,  t h i s  molecule conta ins 
the  types o f  carbons o f  i n t e r e s t  i n  chars and h i g h  rank coals. The 
components o f  the i n d i v i d u a l  aromatic carbon tensors have been 
simulated together  w i t h  t h e i r  composite pat tern.  
pa t te rn  i s  compared w i t h  the experimental data (F igure 2). The low 
f i e l d  components are resolved b u t  t he  h igh  f i e l d  (033 components) a r e  
obscured by the a1 i p h a t i c  carbons. 

The VASS method scales the i n d i v i d u a l  carbon tensors w i t h  respect  
t o  t h e i r  i s o t r o p i c  frequencies by a f a c t o r  o f  1/2(cos 3€12-1) where 8 
i s  the sp inn ing angle r e l a t i v e  t o  the  external  magnetic f i e ld .13  The 
break p o i n t s  f r o m  d i f f e r e n t  bands change as 8 i s  changed. The h igh 
f i e l d  component o f  t he  aromatic carbon s h i e l d i n g  tensors can be 
i nve r ted  through the i s o t r o p i c  value by proper s e l e c t i o n  o f  8. Hence, 
0ver lapping. tensor  components can be unscrambled by t h i s  technique. 
I n  add i t i on ,  a change i n  8 produces pronounced changes i n  a l l  o f  the 
aromatic tensors so t h a t  the l i n e  shape i s  no longer a scaled r e p l i c a  
o f  the s t a t i c  powder pat tern.  Such i n t e n s i t y  and shape changes are 
r e a d i l y  recognized i n  our f i t t i n g  rou t i nes  which a re  s e n s i t i v e  t o  
small changes i n  the l i n e  shape. I n  F igure 3, one observes the  l i n e  
shape changes o f  an a l k y l a t e d  aromatic carbon as the sp inn ing angle i s  
changed. 
simulated and the tensor components are given i n  Table 1. 

t o  the ana lys i s  o f  complex mater ia ls .  The hexahydropyrene model i s  o f  
s u f f i c i e n t  complexity t o  demonstrate the f e a s i b i l i t y  o f  unscrambling 
overlapping tensor components. The a v a i l a b i l i t y  o f  m u l t i p l e  angle 
data decreases the chance o f  encountering a given spectrum which i s  
i n s e n s i t i v e  t o  one o r  more o f  the adjustable parameters and t h e r e f o r e  
reduces i l l - c o n d i t i o n e d  f i t s  o f  the data. 

Using the  f i t t i n g  procedure described above, we have f i t  t h e  
a n t h r a c i t e  da ta  (F igure 5). With an a romat i c i t y  va lue f a  = 1.0, no 
a l k y l a t e d  carbons a re  present and, hence, a m u l t i p l e  angle f i t  o f  t he  
data was not  deemed necessary. A two tensor  f i t  o f  the s t a t i c  
spectrum produced the  r e s u l t s  presented i n  Table 1. The populat ion 
f a c t o r  of 0.13 f o r  t he  C-H tensor i s  e s s e n t i a l l y  the same as the  
at0mi.c r a t i o  H/C = 0.123 f o r  t h i s  coal. Hence, we are ab le  t o  
independently v e r i f y  t h a t  the method gives v a l i d  resu l t s .  

These 

The 

This  composite 

I n  F igure 4 the VASS data on hexahydropyrene has been 

The a b i l i t y  t o  f i t  experimental data w i t h  h igh  p rec i s ion  i s  v i t a l  
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The a n t h r a c i t e  prov ides a usefu l  model f o r  a char t h a t  has been 
subjected t o  extens ive p y r o l y s i s  o r  t o  a h igh  temperature environment 
and thus may be thought o f  as one extrema o f  a char model. 
o the r  hand, coals  t h a t  undergo p y r o l y s i s  f o r  r e l a t i v e l y  s h o r t  pe r iods  
of t i m e  or  a t  moderate temperatures a re  not composed e n t i r e l y  o f  
polycondensed aromat ic  r i n  s 
1.0 are observed i n  chars.q6* The i n e r t i n i t e  macerals semi - fus in i t e  
and f u s i n i t e  found i n  coals  prov ide a usefu l  model f o r  char. Na tu ra l  
processes o f  hea t  and pressure have produced a char-1 i ke mate r ia l .  
Such i s  t h e  case f o r  t h e  Aldwarke S i l ks tone  i n e r t i n i t e  (86% 
i n e r t i n i t e )  c o n s i s t i n g  c h i e f l y  o f  cha rcoa l - l i ke  f u s i n i t e  w i t h  an f a  
va lue o f  0.88.6 The tensor  components (see F igure 6) and popu la t i on  
f a c t o r s  conta ined i n  Table 1 prov ide a d i s t r i b u t i o n  o f  t h e  three major 
types o f  aromat ic  carbons present and one i s  no t  requi red t o  ca l cu la te  
the atomic r a t i o  f o r  hypo the t i ca l  unsubst i tu ted nuc le i  (Har,/Car) as  
has been done i n  the past.16 One can now d i r e c t l y  measure t h i s  
parameter together  wi th the f r a c t i o n  o f  subs t i t u ted  carbons w i thou t  
r e s o r t i n g  t o  c a l c u l a t e d  approximations. 

p rev ious l y  by means o f  d i p o l a r  dephasing data6 and, hence, t h i s  va lue 
was used i n  f i t t i n g  t h e  spectra. 
t h e  o the r  t w o  tensors. 
s u b s t i t u t e d  carbons (0.07) prov ide the  remainder o f  the aromatic 
s t r u c t u r a l  types. The subs t i t u ted  carbon popu la t i on  i s  o f  the o rde r  
o f  0.10, o r  less,  and the  t o t a l  a l i p h a t i c  carbon content i s  0.12. 
Using the  elemental analys is ,  i.e., t he  H/C r a t i o ,  i t  i s  c l e a r  t h a t  
t h e  a l k y l  subs t i t uen ts ,  on average, cons i s t  o f  1-2 carbon fragments 
and t h a t  t h e  non-methyl carbons are h igh l y  subst i tu ted.  

The VASS technique provides a very usefu l  means f o r  supplementing 
o the r  types o f  NMR data and i s  p a r t i c u l a r l y  usefu l  i n  assessing the  
s t r u c t u r e  o f  polycondensed aromatic ma te r ia l s  such as chars. As char 
r e a c t i v i t y  i s  an  impor tant  cons iderat ion i n  combustion studies, NMR 
data may be a b l e  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  s t r u c t u r e / r e a c t i v i t y  
co r re la t i on .  

On t h e  

Aromat ic i ty  values i n  the  range 0.8 - 

The experimental va lue o f  Haru/Car = 0.39 has been repor ted 

The f i t  o f  the VASS data prov ided 
The populat ion o f  i nne r  carbons (0.54) and 
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TABLE 1 

Tensor Componentsa f o r  Aromat ic  Carbons 

SamplelCarbon Type 

1,2,3,6,7,8 hexahydropyrene 

Benzene-1 i k e  

S u b s t i t u t e d  

I n n e r  

A n t h r a c i t e  (PSOC-867) 

Benzene-1 i k e  

I n n e r  

I n e r t  i n i  t e c  

Benzene- l i ke  

S u b s t i t u t e d  

I n n e r  

01 1 

225 

231 

203 

217 

194 

223 

231 

204 

a22 033 

128 22 

168 9 

197 -6 

137 20 

180 -8 

149 17 

161 46 

192 -30 

Popul a t i o n b  
F a c t o r  

0.40 

0.40 

0.20 

0.13 

0.07 

0.39 

0.07 

0.54 

a. ppm f r o m  TMS. 

b. Based on t o t a l  a r o m a t i c  carbon present .  

c. S e m i - f u s i n i t e  f r o m  Aldwarke S i l k s t o n e  c o a l  (Great  B r i t a i n ) .  The sample i s  descr ibed 
i n  r e f e r e n c e  6. 
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FIGURE CAPTIONS 

\ 
FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

Chemical sh ie ld ing  tensors o f  aromatic carbons. The 
c h a r a c t e r i s t i c  shapes a re  used t o  f i t  over lapping tensor  
elements. The narrow i s o t r o p i c  l i n e  obtained by magic 
angle spinning i s  a l so  shown f o r  purposes o f  c l a r i t y .  

The s t a t i c  spectrum ( top)  o f  1,2,3,6,7,8 
hexahydropyrene. The i n d i v i d u a l  tensors f o r  t h e  th ree  
d i f f e r e n t  types o f  carbons a re  shown (bottom) together  
w i t h  the composite pat tern.  This  t h e o r e t i c a l  f i t  o f  t he  
data i s  superimposed i n  the top o f  the f igure.  Only the  
simulated aromatic carbon tensors are shown. 

The tensor for a subs t i t u ted  aromatic carbon i s  
simulated as a func t i on  o f  0 ,  t he  spinning a x i s  r e l a t i v e  
t o  t h e  magnetic f i e l d .  The VASS experiment can be used 
t o  sca le the p o s i t i o n  o f  the tensor components 011, 022, 
and 033. A t  the magic angle, 0 = 54.7", the components 
converge t o  the i s o t r o p i c  value. 

VASS spectra o f  1,2,3,6,7,8 hexahydropyrene together  
w i t h  the simulated spectra a r i s i n g  f r o m  the aromatic 
carbons. 

Experimental and simulated spectra o f  an a n t h r a c i t e  
coal. The t w o  tensor f i t  gives near i dea l  c o r r e l a t i o n  
and the populat ion f a c t o r  f o r  the benzene l i k e  tensor  i s  
w i t h i n  experimental e r r o r  o f  the H/C value. 

VASS spectra o f  Aldwarke S i l ks tone  i n e r t i n i t e  maceral 
( f u s i n i t e ) .  The simulated spectrum o f  the aromatic 
carbons (bottom) i s  used t o  p o r t r a y  the populat ion 
factors .  The simulated aromatic carbon spectra a t  43" 
and 72" are o v e r l a i d  on the  experimental data. 
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AN EXPERIMENTAL SIMULATION OF CROSSFMW 
COAL GASIFICATION 

M. Gallagher, J. Zondlo, E. Johnson, and E. Monazam 
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Morgantown, WV 26506-6101 

ABSTRACT 

A novel combustion test-pot facility w a s  constructed and operated so as to 
simulate crossflow coal gasification with steam a t  ambient pressure. The test pot 
w a s  fully instrumented to allow transient measurements of pressure drop, weight 
change of the bed, and product gas composition. In addition, the temperature front 
within the bed was tracked a s  a function of both time and position. Experiments 
were conducted at different air and steam flow rates in a packed particle bed of 
coke. The weight of an average coke charge w a s  a proximately 35 pounds and the  
fuel utilization rate ranged between 7.8 and 22 lb / f txhr .  Based on the experimental 
results, energy and mas8 balances were performed and closed to about 90%. Data 
obtained were used to verify a computer simulation of the process. 

I. INTRODUCTION 

The most common commercial coal gasification system in use today is the  
counter-flow moving bed system. In this system, the coal feestock moves downward 
and passes through four idealized zones in the gasification process. These zones in 
order from the top to the bottom of the  bed are drying, pyrolysis, gasification and 
combustion. However, most moving-bed units a re  size-limited and several must be  
operated in parallel for larger throughputs. 

An alternate approach to the design of a Large-scale coal gasification system 
would b e  to borrow established technology from a similar process. One such process 
has long been utilized to sinter iron ore  and produce a “strong clinker“ suited for 
feed stock in a blast furnace. The sintering machine most commonly used today is a 
modification of the Dwight-Lloyd continuous sintering machine, formerly used only in 
the lead and zinc industry [l]. Originally developed in the early 19OO’s, the 
machine consists of a strong structural steel frame supporting two large gears and 
steel tracks. A system of pallets, or trays, with perforated bottoms is driven by 
these gears at  a speed of 1 to 3 feet per minute. The sintering machine for iron 
ore may be 6 to 12 feet wide by 90 to 168 feet in length wi th  pallets to hold the 
charge. Underneath the pallet train is  a series of suction boxes which a re  
connected with a fan to induce a downdraft through the perforated bottom and ore 
charge. Located at  the input of the machine is a burner which serves to initiate 
the sintering process by igniting the top layer of charge. The charge is typically a 
mixture of ore particles up to l/4-inch in diameter, flux, to aid in the agglomeration, 
and fuel, such as coke. The largest 
machines will treat  as much as 4500 tons of ore per day. 

The possible application to coal gasification would be the replacement of the ore 
charge with coal [21. The coal particles up to 1/4-inch in diameter would be placed 
on another layer of inert material, such as  limestone, roughly l/&-inch in diameter. 
This inert material would serve to protect the  grate thermally, support the smaller 
coal particles, trap out particulates and possibly aid in sulfur removal from the 
product gas stream. 

The charge layer may be 6 to 12 inches deep. 
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The main objectives of the work presented here were the design, construction 
and start-up of an experimental appratus that would effectively simulate the 
crossflow process. The independent variables such as  air temperature and flow 
rate, and relative humidity of the air feed were selectively examined to determine 
their effect on the exit gas composition and fuel utilization rate. These data will 
assist in determining the reliability of the experimental test-pot system and its  
potential for use in future experimental and modelling efforts. 

11. EXPERIMENTAL APPARATUS 

A flowsheet of the proposed test-pot facility is  shown in Figure 1. Ambient air, 
fed from a ring compressor, w a s  preheated and humidifed before it entered the 
combustion pot. An orifice plate served as  an air flowmeter, while the air w a s  
preheated using a steam heater. Supply steam a t  30 psig was regulated, using a 
Kaye MacDonald regulator, to the pressure required to obtain the desired heater 
temperature. The air was humidifed by direct injection of saturated steam. The 
temperature and relative humidity (RH) of the feed air were measured as  the  air 
entered the combustion pot using an  Omega RH-20F hygrometer. This instrument is 
capable of reading temperatures to 175'F * 0.5.F and relative humidity to 95% f 2%. 
The humidity measurement w a s  backed w i t h  a Hygrodynamics L4-4822W sensor and 

. L15-3050 Universal Indicator capable of reading to 98% RH f 1.5%. After the product 
gas exited the test pot, a sample was taken for analysis and the remainder 
combusted in an afterburner. 

The test pot itself is shown in Figure 2. It consists of a 24-inch 0.d. steel 
pipe, 1/2-inch thick wall, with a 1/8-inch thick stainless steel plate welded to the 
bottom. The plate is  perforated with 3/8-inch diameter holes located on 1/2-inch 
triangular centers. The pipe is lined with 5 inches of insulation brick refractory, 
resulting in an inside bed diameter of 13 inches. P t  VS. Pt 10% Rh thermocouples 
(TC) are placed at 2-inch intervals above a 6-inch layer of non-combustible 
material. The thermocouples are rated to 3000'F and can be used in oxidizing or 
reducing atmospheres. The temperature in the coal bed is monitored automatically 
a s  a function of time as  well a s  position by means of a Doric Digitrend 220 data 
logger. 

Operating at  near atmospheric pressure, the test pot is free-hanging while the 
transient weight change of the coal is recorded utilizing a load cell. The load cell 
is  a Sensotec model RM-lK, hermetically sealed to withstand humid and corrosive 
environments and temperature compensated to 160'F. I t  has a range of 0 to 1000 
pounds mass and i ts  stated accuracy is * 0.2% of full scale or * 2 pounds. A 
Sensotec 450D digital readout with a 0-5 volt recorder output is used in conjunction 
with the load cell. The separation between the inlet and outlet of the pot is 
maintained by a water seal which allows the test pot to hange freely and still 
maintain the division between the inlet and outlet of the  bed. 

a) Bxuerimental Procedure 

The bed was charged with 35 pounds of coke, resulting in a coke bed density of 
38 lb/ft3. Coke, the devolitalized product of coal, was selected a s  the feedstock for 
the initial tests a s  it would produce a less complex gasification product, free of tars 
and volatile material. For a typical experimental run, the procedure is as follows. 
The air, fed a t  25 CFM and 77'F, is  heated to 140'F and humidifed to near 100% RH 
before entering the combustion pot. The air feed is started first  and allowed to 
reach steady state a t  which point the fuel charge is ignited with charcoal placed at 
the top Of the charge. The data 
logger is used to record the temepratures a t  specific time intervals, initially every 

Ignition of the fuel occurs within 5 to 10 minutes. 
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minute. The weight change with time a s  monitored by the load cell is also recorded 
continuously with a strip-chart recorder. Finally, gas samples from the outlet of 
the tes t  pot are taken a t  specific time intervals, every 10 minutes, and analyzed 
with a gas chromatograph (GC). The GC is a Gow-Mac Series 550 thermal 
conductivity-type gas chromatograph equipped with a gas sampling valve, 
series/by-pass column switching valve, one 5A molecular sieve column and one 
Porapak Q column. The run is considered finished when the combustion front 
reaches the bottom of the bed. This is tracked via the thermocouples placed at 
intervals within the depth of the bed, and is also indicated by abrupt changes in  
the gas composition and the pressure drop across the bed. 

1 

I 

111. RESULTS 

I 
a) Product Gas Comwsition 

Samples of the product gas were withdrawn from the bottom of the combustion 
pot at approximately 10 minute intervals. The GC was configured for the detection 
of N2, C02, Ha, CH4, CO and 02. A representative composition/time profile is shown 
in Figure 3. After an initial transient period (around 20 minutes for the run in 
Figure 3),  the product gas composition remains essentially constant for the duration 
of the test. The onset of breakthrough is signalled by an  abrupt increase in the NZ 
composition late in the run. A  typical product gas contained roughly 20% C%, 10% 
CO, 10% Ha,  2% CH4 and 60% N2. The GC w a s  checked before and after each r u n  
with a standard calibration gas obtained from Supelco, Inc. 

b) Weight Change 

The transient weight of the bed provided the data necessary to calculate t he  
fuel utilization rate and the rate of progression of the combustion front. 
Representative data for a typical run are shown in Figure 4. This data, used in  
conjunction with the transient pressure drop across the bed, permitted the actual 
weight change with time to be determined. 

In all cases, the weight change profiles showed an initial period in which the  
weight of the bed remained relatively constant, followed by a uniform decrease in  
weight until the end of the run. The slope of this line when divided by the  
cross-sectional area of the bed yielded the fuel utilization rate a t  the conditions of 
the experiment. This was found to vary from 7.8 lb/fts-hr at the lowest air flow 
rate to  22.1 Ib/ftz-hr at the highest air flow rate. These values are well within the  
range of those reported for the Wellman-Galusha gasifier with a coke fuel [3]. 
Comparable results were  also found by Essenhigh who reported fuel utilization rates 
of 5 to 25 lb/ft2-hr under similar experimental conditions [4]. 

The fuel utilization rate when multiplied by the density of the packed bed 
yielded the rate of progression of the combustion front which ranged from 0.06 to 
0.13 inches per minute. 

c) Temuerature Profiles 

The temperature profiles of a typical experimental run a re  shown in Figure 5. 
Such data are useful in determining the progression of the cornbustion and 
gasification zones through the bed. A sharp increase in temperature in the early 
stages followed by a peak a s  the combustion zone passed, and finally a decrease in 
slope as the gasification zone passed, a re  characteristics of all the profiles. 

The temperature profiles were used a s  a n  alternate method for calculating the  
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progression of the combustion front through the bed by measuring the time between 
the temperature maxima a t  each thermocouple location. The progression of the 
combustion front determined in this manner was compared with t h e  progression as 
determined from the weight change data a s  a check of the load cell instrumentation 
and as  a check on the evenness of the burn. Good agreement was seen in the 
progression of the combustion front as  determined by each method. This would 
indicate that the combustion front of the fuel bed is burning in a relatively uniform, 
plug-flow manner. 

d) M a s s  and Energy Balances 

The calculation of the m a s s  and energy balances was done as  a check of the 
overall performance of the instrumentation. 

The mass balance focused primarily on the carbon present in the charge. In 
order to calculate the carbon balance, it was necessary to obtain the inlet gas flow 
rate and composition, the outlet gas flow rate and composition, and the length of 
time the run was in progress. From this information the m a s s  of carbon present in 
the exit gas could be determined and compared to the mass of carbon that was  
consumed as calculated from the weight change. Such a balance resulted in closure 
to over 90% in most cases, indicating that the instrumentation was functioning 
adequately for the intended purpose. 

The energy balances also showed good results, usually accounting for over 90% 
of the energy released from the coke fuel. Approximately 50% to 55% of the energy 
leaves the bed in the form of combustablea in the product gas. The heat losses to 
the system were 20% of the energy available, while the energy carried as sensible 
heat in the product gas accounted for approximately 20% as well. These results a re  
encouraging in showing that the instrumentation and the experimental system a re  
operating reliably. 

IV. DISCUSSION 

For the Wellman-Galusha gasifier with a coke fuel the CO and H2 concentrations 
observed in the product gas are 29 mol% and 15 mol% respectively [31. The data 
collected from the test  pot came to only 50% to 60% of those for the Wellman-Galusha 
gasifier. Moreover, the heating value reported for the Wellman-Galuaha w a s  130 
BTU/ft3; the croasflow product gas was only 80 BTU/ft3. Also, Essenhigh reports 
CO concentrations of 23 mol% for his similar test-pot studies using a coke fuel [41. 
He does not report a value for hydrogen. In an  associated modelling effort, both 
the results of the test  pot and the other workers could be predicted by including a 
reactivity factor in the rate equations to account for variations in feedstock 
characteristics 151. Thus differences in product gas composition may reflect 
variations in the physical and chemical characteristics and hence reactivity of the 
feedstock. 

The test pot responded to changes in air feed to the bed a s  expected. Under 
the same steam feed conditions, higher air flow rate resulted in higher combustion 
temperature and a shorter run time. The test-pot also responded a s  expected to 
changes in the steam feed to the bed. High steam rates resulted i n  lower 
temperatures in both the combustion and gasification zones. This in tu rn  affected 
the product gas compositions by euppressing CO production and increasing H2 
production. The lower combustion and gasification temperatures also allowed for 
more uniform heating of the bed and a more defined and stable gasification zone. 
Conversely, low steam flows yielded higher cornbustion and gasification temperatures, 4 rnth-eO-produdiun-favored and-%- suppressed-------------- 
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I t  should also be noted that C02 generated in the combustion zone i s  not being 
completely converted to CO as  i t  passes through the gasification zone. Low 
temperature, short residence time, gas channeling, clinker formation or low fuel 
reactivity are possible factors affecting conversion. 

V. CONCLUSIONS 

The fuel utilization rates for this system were comparable to those for the 
Wellman-Galusha gasifier [3]. The carbon mass balance resulted in over 90% closure 
in most cases, a result which is consistent with that reported by other researchers 
in the gasification area [3,4]. The energy balances show approximately 50% of the 
energy leaves the gasifier in the form of combustables. Another 20% of the energy 
leaves in the form of sensible heat and roughly 20% i s  lost to the system. 

Based upon the data collected and t h e  mass and energy balances performed, 
the experimental test pot system operated reliably and produced good data. 
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Figure 1. Overall flowsheet of crossflow coal gasification test 
facility. 
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Figure 2. Cross-sectional view showing details of experimental 
test pot. 
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Figure 3. Representative compositionltime profiles for 
major components in product gas stream. 
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Figure 4 .  Transient weight change of coke charge for 
a typical gasification test. 
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INTRODUCTION 

Gas i f i ca t ion ,  d e v o l a t i l i z a t i o n ,  combustion and o the r  c o a l  conversion p rocesses  
a r e  qu i t e  complex, involvingnumerous,  no t  well def ined  r e a c t i o n s ,  and s imul taneous  
phys ica l  s t r u c t u r e  t r ans fo rma t ions .  In  o rde r  t o  desc r ibe  these  phenomena, s e v e r a l  
e f f o r t s  have been r e p o r t e d ,  based e i t h e r  on empi r i ca l  k i n e t i c  expres s ions  (1-5) or 
on t h e o r e t i c a l  models (6-12). In  t h e  former,  r a t e e x p r e s s i o n s  a r e  given i n  terms of 
v o l a t i l e  s p e c i e s ,  r e s i d u a l a n d  a c t i v e  carbon, a n d r e a c t a n t  gas  concen t r a t ion  o rp res - .  
s u r e .  Theore t i ca l  models a t tempt  t o c o u p l e  r e a c t i o n  rates with mass and h e a t t r a n s -  
f e r  processes.  The va r ious  models, however, d i f f e r  s i g n i f i c a n t l y  fromeach o t h e r ,  
b e c a u s e o f t h e  d i v e r s i t y  o f  t h e  chemical and phys ica l  phenomena which they  d e s c r i b e  
(e .g .  py ro lys i s , combus t ion ,  s t e a m g a s i f i c a t i o n e t c )  and t h e d i f f e r e n c e  s i n a s s u m p t i o n s  
and s i m p l i f i c a t i o n s  involved  i n  each one. 

F a s t c o a l p r o c e s s e s ,  s u c h a s  oxygen combustion, rap id  p y r o l y s i s  a n d d e v o l a t i l i z a -  
t i o n a r . e u s u a l l y  cons ide red  top roceed  v i a a s h r i n k i n g  co re  model, e i t h e r  i so the rma l ly  
or non-isothermally (6-11). , Mass t r a n s p o r t  l i m i t a t i o n s  are o f t e n  assumed t o  occur  
wi th in  a r e a c t e d  s h e l l ,  sur rounding  a c o a l  p a r t i c l e  (6-7). The p o r e s t r u c t u r e  o f  t h e  
r e a c t i n g  p a r t i c l e s  is cons idered  unchanged, i n m o s t o f  t h e s e  models (6-91, a l though  
t h e  e f f e c t  o f  pore  s ize  d i s t r i b u t i o n  has  been examined (8) .  

S t r u c t u r a l  v a r i a t i o n s  o f c o a l  wi th  r e a c t i o n  t imehave  been inc lude  d i n  fewmodels,  
such  a s  i n  hydropyro lys is  of s o f t e n i n g c o a l s ( l O ) ,  i n  coal-oxygen r e a c t i o n s  (11) and 
i n  cha r  g a s i f i c a t i o n  (12) .  In  a comprehensive a n a l y s i s  o f  coa l  combustion models,  
So t i r chos  and Amundson (11) cons idered  only  t h e  macropores of coa l .  Thus, l o c a l  
conversion andpora  s t r u c t u r e  depended on lyon  t h e  thermal g r a d i e n t s a t  va r ious  t o t a l  
convers ions .  Lee.'at a l .  (12)  developed a' cha r  g a s i f i c a t i o n  mode!., i n  which Knudsen 
d i f f u s i o n  ( i n  t h e  micropores) ,  a s  well a s  pore  s t r u c t u r e  v a r i a t i o n s  due t o  carbon 
consumption, were inc luded .  However, on lyone  r e a c t i o n  wasconsidered t o  t a k e  p l a c e ,  
w i th  C O 2  as a g a s i f y i n g  medium. Th i s  model s i m p l i f i e s t h e r e a c t i o n  network., i gnor ing  
t h e  p a r t i c i p a t i o n  o f a n  a c t i v e  carbon s p e c i e s  a n d a l s o  t h e  product mass t r a n s f e r  and 
t h e  r eac t an t  accumulation. These s i m p l i f i c a t i o n s  y i e ld  a n a n a l y t i c a l  s o l u t i o n ,  a t  
pseudosteady s t a t e  cond i t ions .  

The model proposed he re  cons ide r s  t h e  phys ica l  and chemical processes  occur ing  
i n  a g a s i f y i n g  s i n g l e  p a r t i c l e  and c o r r e l a t e s t h e p r e d i c t e d  r e s u l t s  w i thexpe r imen ta l  
macroscopic d a t a .  An a c t i v e  carbon s p e c i e s  isassumed (13) t o r e a c t  i n  two p a r a l l e l  
s t e p s  to fo rm a gaseous product o r s t a b i l i z e d  char  (coke).  Reactant andproduct  d i f -  
f u s e  i n  and o u t  o f t h e  p a r t i c l e  whi le  t h e  l o c a l  micropore s t r u c t u r e  can vary  due  t o  
carbon r e a c t i o n  and consumption. The model permi ts  e s t ima t ion  o f  t h e  l o c a l  r a d i a l  
d i s t r i b u t i o n  o f  r e a c t a n t  and product concen t r a t ions ,  r e a c t i o n  rates, s u r f a c e  a r e a s  
and p o r o s i t i e s  wi th  time. Global p r o p e r t i e s ,  such a s  product y i e l d s ,  s u r f a c e  a r e a  
and poros i ty  a r e  a l s o c a l c u l a t e d ,  f o r  comparison w i t h t h e  corresponding exper imenta l  
q u a n t i t i e s .  hydrogas i f i ca t ion ,  a process  which 
has  rece ived  less a t t e n t i o n  compared wi th  steam o r  Cop g a s i f i c a t i o n .  

FORMULATION OF THE MODEL 
A s i n g l e  s p h e r i c a l  l i g n i t e  orcoalparticle,ofradiusr,,.isconsidelied t o  undergo 

hydrogas i f i ca t ion ,  a f te r  i n i t i a l  r a p i d  d e v o l a t i l i z a t i o n .  D u r i n g t h i s i n i t i a l  s t a g e ,  
a measurable, uniform p o r e s t r u c t u r e ,  andan  assumed hydrogen p r o f i l e  have developed 
wi th in  t h e  p a r t i c l e .  - I so thermal  r e a c t i o n  i n  a uniform, cons t an t  hydrogen atmosphere. 

The model is app l i ed  he re  t o  c o a l  

The . fo l lowing  assumptions apply t o  t h e  model formulation: 
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- Constant p a r t i c l e  s i z e ,  with uniform r a d i a l  pore s t r u c t u r e  d i s t r i b u t i o n  i n i t i a l -  

- Negligible  f i lm  d i f f u s i o n  r e s i s t a n c e  around t h e  p a r t i c l e .  - Predominantly micropore s t r u c t u r e  f o r  t h e  p a r t i c l e .  
Char hydrogas i f i ca t ion  involves  an a c t i v e  carbon s p e c i e s ,  which, w i t h  hydrogen 

y i e l d s  methane, o r  by c r o s s l i n k i n g  r e s u l t s  i n  coke formation and carbon s t a b i l i z a -  
t i o n :  

l a )  

<cH4 1b ) Coke 

From a v a i l a b l e  r a t e  expres s ions  f o r  CH4 andcoke formation (13), t h e  in s t an taneous ,  
l o c a l  r eac t ion  r a t e s  w i th in  t h e  p a r t i c l e  a r e  given by Equations 2 and 3 .  

l y  ( t=O).  

L i g n i t e  Active Char (C*) 

€1 R ( r , t )  = ko exp(- m) p S C C CH4 1 P 9 C* Hg 

Reactant (H2) and product (CH4) coun te r  d i f f u s e  through t h e  porous p a r t i c l e  matr ix  
which v a r i e s  with t ime and l o c a t i o n  d u e t o r e a c t i o n .  Thus, t h e  c o n t i n u i t y  equa t ion  
f o r  t h e  two gaseous s p e c i e s  g ives :  

The e f f e c t i v e  d i f f u s i v i t i e s  (De,j)  can be r e l a t e d  t o  t h e  Chapman-Enskog d i f f u s i v i t y  
( D H ~ / C H ~ )  and t h e  Knudsen d i f f u s i v i t y  i n t o  t h e  micropores (Dk), (14), by 

Weight (m)  l o s s  and i n c r e a s e  o f  s u r f a c e  a rea  (Sg) and po ros i ty  (E )  of t h e  p a r t i c l e  
occur because o f t h e f i r s t  r e a c t i o n ,  l a ,  and, t h u s ,  t hey  can be c o r r e l a t e d  with t h e  
conversion t o  methane ( X C H ~ )  

Relat ion 6 ,  between bulk ( p  ) and t r u e  ( p t )  p a r t i c l e  d e n s i t y ,  is v a l i d  f o r  non- 
swe l l ing  .or -shr inking p a r t i g l e s  of  cons t an t  s i z e .  For moderate conve r s ions ,  t h e  
su r face  a rea  may be assumed t o  vary l i n e a r l y  with po ros i ty  (15) 

s = s  E 
9 0  
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This  system of  n o n - l i n e a r  p a r t i a l  d i f f e r e n t i a l  equa t ions  was converted t o  a 
system ofd imens ion le s s  non-linear a l g e b r a i c e q u a t i o n s  b y t h e  e x p l i c i t  f i n i t e  d i f f e r -  
ence method. Equation 2-4 and6-10 were s o l v e d i t e r a t i v e l y ,  using t h e  Browntecchni- 
que (16)  and t h e a p p r o p r i a t e  boundary cond i t ions  forCC*, E, CH below. So lu t ion  of 
Eq. 5 ,  with t h e  p e r t i n e n t  B.C. f o r  C C H ~  below, g i v e s  t h e  methane d i s t r i b u t i o n  i n  
t h e  p a r t i c l e .  

A t t  = O a n d O < r < r o  

t > 0 and r = ro 

t > O a n d r : O  

E = Eo I 'CH4 = 

'coke = 

1 cH2 = cH2,s 

L 

A l l  cha r  carbon (CC+) is considered r e a c t i v e ,  a s  i n d i c a t e d  by its complete conver- 
s i o n  i n  high pressupe experiments .  Since hydrogas i f i ca t ion  occurs  a f t e r  i n i t i a l  
r a p i d  p a r t i c l e  
matr ix .  Thus, i n s t e a d o f  t h e  convent ional  boundary cond i t ions  fo rhydrogen ,a s i rnp le  
l i n e a r  i n i t i a l  p r o f i l e  has been assumed and t e s t e d  

hydropyrolysis  (171, some hydrogen p r o f i l e  is expected wi th in  t h e  

c -  H ~ -  = 'HzlS 

A l i n e a r ,  or perhaps a p a r a b o l i c ,  hydrogen p r o f i l e  should be more r e a l i s t i c ,  s i n c e  
hydrogen h a s  p e n e t r a t e d  i n t o  t h e  pores  during t h e  f i r s t  s t age .  A l t e r n a t i v e l y ,  a 
uniform zero hydrogen concen t r a t ion  may beassumed ( C H ~  = O  a t  t = O ,  r < r O ) ,  or even 
a uniform concen t r a t ion  equa l  t o  t h e  bulk one ( C H ~  = CH 

Parameter va lues  were obtained e i t h e r  expe r imen tahy  or from t h e  l i t e r a t u r e .  
s a t  t =0 ,  r d r o ) .  

, So, co and pt were measured a t  800 -95OcC, while  k9 and E 2  
ues r e p o r t e d  i n  r e fe rence  (18) .  The fol lowing va lues  were used 

a r e  

E l  = 35600 cal/mol 

E 2  = 28600 cal/mol 

kz 3.77~10-7 m/min 

pt 1.42 gr/cm3 

st00 = 355 m2/g 

s t 5 0  = 388 m2/g 

S!50 = 410 m2/g 

€0800 0.17 

~ i 5 0  I 0.175 

cZ5O = 0.19 

k y  1 . 7 ~ 1 0 ~ ~  m4/mol.min S9Oo 395 m2/g g o o  = 0.18 

EXPERIMENTAL 
L i g n i t e  hydrogas i f i ca t ion  experiments ,  t o  o b t a i n  k i n e t i c  parameters and macro- 

s c o p i c ,  g l o b a l  p r o p e r t i e s ,  were performed i n  a TGA (DuPont 99.) system and i n  an 
i so the rma l ,  t u b u l a r  r e a c t o r  (17, 19). Products-were cont inuously analyzed by GC 
and IR. Pore s t r u c t u r e , P o r o S i t Y ,  d e n s i t y  and s u r f a c e  a r e a  o f  l i g n i t e  cha r s ,  a t  
v a r i o u s  t.imes and t empera tu res ,  were c h a r a c t e r i z e d b y  mult ipointBET,hel ium pycno- 
me t ry ,  Cog and Np adso rp t ion  (20). 
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RESULTS AND DISCUSSION 

above has  been so lved  us ing  a s imple,  l i n e a r  p r o f i l e  for 
t h e  i n i t i a l  concen t r a t ion  ofhydrogen within t h e p a r t i c l e .  So lu t ion  has beent .obtai-  
ned at eleven radial .  p o s i t i o n s  f o r  a t ime .pe r iod  o f  30 min.using a . t ime increment 
of  one minute. The r e s u l t s  permit  e s t ima t ion  of non-measurable q u a n t i t i e s ,  such 
as thetemporal-radial d i s t r i b u t i o n o f ( a )  hydrogen, methane and.coke concen t r a t ion ;  
(b)  po ros i ty  and s u r f a c e  a rea ;  and ( c )  l o c a l  r a t e s  of methane and coke formation,  
under var ious r e a c t i o n  cond i t ions .  I n t e g r a t i o n  o f p r e d i c t e d  r e s u l t s  over t h e  whole 
p a r t i c l e  y i e l d s  g loba l  p r o p e r t i e s ,  such a s  p a r t i c l e  weight l o s s ,  methane y i e l d  and 
r a t e  of formation, t o t a l  po ros i ty  and s u r f a c e  a rea .  

Comparison of  p red ic t ed  and measured macroscopic p r o p e r t i e s  should e s t a b l i s h  
f i rs t  t h e  adequacy of  t h e  model t o  desc r ibe  t h e  p rocesses ,  
Figure 1 shows c a l c u l a t e d  and experimental  va lues  of carbon conversion t o  methane 
a t  var ious t imes  andtemperatures .  I n  most c a s e s ,  agreement i sgood .  Somedeviat ion 
of experimental  da t a ,  e s p e c i a l l y  a t  high temperatures ,  may a r i s e  from a number of  
reasons,  e.g. d i f f e r e n t  i n i t i a l  hydrogen p r o f i l e ,  s l i g h t l y  higher  order  i n  H2 f o r  
r eac t ion  l a ,  o r  higher  k and E values  than those  obtained f r o m t h e l i t e r a t u r e  f o r  
t h e  c r o s s l i n k i n g  and c a r i o n  s t a z i l i z a t i o n  r e a c t i o n .  

S imi l a r ly ,  t h e  p red ic t ed  development o f t o t a l  p a r t i c l e  su r face  a r e a  a n d p o r o s i t y  
is ingood agreement with t h e  measured phys ica l  p r o p e r t i e s  up t o  30-40 min, F igu res  
2 and 3. One should no te ,  he re ,  t h a t  Equations 7 -10 o f  t h e  model assume a l i n e a r  
growth of  s u r f a c e  a r e a  and po ros i ty ,  d i r e c t l y  p ropor t iona l  to  carbon conversion t o  
methane. Pore blockage, because of carbon s t a b i l i z a t i o n  and . c ros s l ink ing ,  is not 
c u r r e n t l y  considered i n . t h e  model. This phenomenon may exp la in  t h e  d e c l i n e  o f  Sg 
and E a t  prolonged t imes.  

After  t h e  above macroscopic comparison of model and experimental  r e s u l t s ,  a 
microscopic examination should unravel  t h e  t r ans fo rma t ions  t h a t  a l i g n i t e  p a r t i c l e  
undergoes during hydrogas i f i ca t ion .  F igu re  4 shows t h e  a n t i c i p a t e d  hydrogen con- 
c e n t r a t i o n  p r o f i l e  i n t h e  p a r t i c l e ,  a t v a r i o u s  t imes.  If t h e  i n i t i a l  ( t=O) hydrogen 
concentrat ion is assumed t o  vary l i n e a r l y  with r ad ius ,  C H ~  i n  t h e  pores i n c r e a s e s  
with t ime; however, it always remains l e s s  t han  t h e  bulk one, because of  p a r t i a l  
consumption o f  Hz to fo rm methane and counter-diffusion of  t he .p roduc t .  The hydro- 
gen concen t r a t ion  i n  t h e  pores  is a l s o  expected t o  inc rease  ( a l b e i t  somewhat slower) 
i n  t h e c a s e  of  uniform, zero C H ~  i n i t i a l l y .  If a t  t:0,CH2=C~{2,s, hydrogen d i f f u s e s  
i n t o  t h e p o r e s  f a s t e r  t han  it r e a c t s  and i t s c o n c e n t r a t i o n  remains cons t an t  w i t h t i m e .  

Methane i sp roduced  by r e a c t i o n o f a c t i v e  carbon with H2 and d i f f u s e s  out of  t h e  
gas i fy ing  p a r t i c l e .  Its concen t r a t ion  d i s t r i b u t i o n  r a d i a l l y  can be p r e d i c t e d  by 
t h i s  model, a s  shown i n  Figure 5. A t  t h e  o u t e r  l a y e r s  o f  t h e  p a r t i c l e ,  t h e  high 
l o c a l  C H ~  r e s u l t s  i n  high carbon-to-CH4 conversion and, t h u s ,  methane concen t r a t ion  
inc reases .  The d e c l i n e  o f  CH4 a t  t h e  s u r f a c e  (r=ro) is caused by t h e  assumption 
t h a t  methane i s s o  d i l u t e d  i n t h e b u l k  s t ream t h a t  i t s b u l k  and s u r f a c e  concen t r a t ion  
is v i r t u a l l y  zero. Methane c o n c e n t r a t i o n i n  t h e  p a r t i c l e i n c r e a s e s  with t imebecause  
of C H ~  i nc rease ,  c f .  Fig.  4. 

Carbon consumption t o  form gaseous methane should i n c r e a s e  thenumber a n d s i z e  o f  
po res  within t h e  p a r t i c l e ,  dependent on r a t e .  I f  t h e  " s p e c i f i c  s u r f a c e  a rea" ,  Sg, 
is used a s  an approximate,  lumped measure o f  pore s t r u c t u r e  development, a s u r f a c e  
a rea  r a d i a l  d i s t r i b u t i o n  c a n b e p r e d i c t e d ,  F igu re  6 .  This  a r e a  i n c r e a s e s ,  from t h e  
cen te r  of t h e  p a r t i c l e  autwards,  because of t h e  higher  H2 concen t r a t ion  and r a t e  
i n  t h e  ou te r  s h e l l s .  Since CH inc reases  wi th  $ime wi th in  t h e  p a r t i c l e ,  S a l s o  
inc reases ,  t o  a s u b s t a n t i a l  d i f f e r e n c e  of  - 50 m /g between s u r f a c e  and c e n f e r  a t  
30 m i n  r e a c t i o n  time. A s i m i l a r  t r end  is p red ic t ed  f o r  t h e  l o c a l  "po ros i ty" ,  E, 
r a d i a l l y  with time. 

The c a l c u l a t e d  l o c a l  va lues  ofCHg, S g , . e  permit  e s t ima t ion  o f t h e  l o c a l  r e a c t i o n  
r a t e  formethane formation a t  any time, Figure 7 .  Rate i n c r e a s e s  outwards,  fol lowing 
a t rend analogous t o  C H ~  and S,. ,Around t h e  c e n t e r  of t h e  p a r t i c l e ,  C H ~  i n c r e a s e  
with time results i n  s i g n i f i c a n t  i nc rease  of RCH Near t h e  s u r f a c e ,  
R C H ~  is a f f e c t e d  by t h e  s u r f a c e  a r e a  inc rease  (cr ' ,  Fig.  6 ) ,  s i n c e  CHptherechanges 
l i t t l e  (Fig.  4 ) .  

Figure 7 and Equation 2 i n d i c a t e  t h a t  hydrogas i f i ca t ion  is s e n s i t i v e  t o  H 2  

The model formulated 

chemical and phys ica l  

a f t e r  30 min. 
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p a r t i a l  p re s su re .  Thus, r e c y c l e  of t h e  r e a c t a n t  s t ream without  p r i o r  s e p a r a t i o n o f  
product could a f f e c t  r a t e s  i n  t h e  po res  s i g n i f i c a n t l y .  Figure 8 shows a d r a s t i c  
decrease of methane formation r a t e  w i th in  a g a s i f y i n g  p a r t i c l e ,  a t  5 min. With 
P C H ~  : P H ~  = 1 : 1 i n  t h e  d rop  t o  almost zero f o r  r < 0.5 Po, 
and t o  less t han  15 % of  t h a t  f o r  pure H2, a t  ro. I n t e g r a t i o n  of t h e s e  cu rves  
with l o c a t i o n  avd time show t h a t  carbon conversion to  methane a t  900OC should drop 
from -6% i n  pure H2 t o  -1% a t  PHg = 0.5 atm. 

The model desc r ibed  he re  t a k e s  i n t o  account a r e a l i s t i c ,  two path r e a c t i o n  
scheme for h y d r o g a s i f i c a t i o n ,  with s imultaneous v a r i a t i o n  o f  t h e  pore s t r u c t u r e  
p r o p e r t i e s  o f t h e  g a s i f y i n g  cha r  p a r t i c l e .  Po ros i ty  and s u r f a c e  a r e a  d o n o t  develop 
uniformly, w i th in  t h e  p a r t i c l e ,  with time and t h i s  a f f e c t s  hydrogen p e n e t r a t i o n ,  
methane coun te r -d i f fus ion  and,  t h u s , t h e  microscopic  and g l o b a l  r a t e  of g a s i f i c a  - 
t i o n .  The model p r e d i c t s  succes fu l ly  experimental  macroscopic q u a n t i t i e s ,  up t o  
30-40 min of g a s i f i c a t i o n .  Beyond th i s t ime ,  carbon s t a b i l i z a t i o n a n d p o r e  blockage 
may cause some d e v i a t i o n .  The u s e o f t h e  model can be e a s i l y  extended t o  noncaking 
c o a l s  o the r  t han  l i g n i t e  and t o  o the r  g a s i f i c a t i o n  media such a s  CO2 or steam. 
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LIST OF SYMBOLS 

C* Act ive carbon concen t r a t ion  (mol/m3). 
CCH4 I n t r a p a r t i c l e  methane concen t r a t ion  (mol/m3). 
cH2 
cH2, S 
De, j  
012 
Dk Knudsen d i f f u s i v i t y  (m2/s), 
E l ,  E2 
E Poros i ty  o f  p a r t i c l e .  
I 
k p ,  kq 
m P a r t i c l e  mass ( 9 ) .  

*P 

r P a r t i c l e  r a d i a l  coord ina te  (p). 
*t 
r0 P a r t i c l e  r a d i u s  (p). 
R Universal  gas  cons t an t  (1.987 cal/mol K ) .  
R C H ~  ( r , t )  
Rcoke ( r , t )  Rate o f  coking r e a c t i o n  

Temperature ( K ) .  
Time (min). 

bu lk  s t ream, r a t e s  

t o  thank t h e  

I n t r a p a r t i c l e  hydrogen concen t r a t ion  (mol/m3). 
Bulk hydrogen concen t r a t ion  (mol/m3). 
E f f e c t i v e  d i f f u s i v i t y  o f  s p e c i e s  j (H2 o r  CH4) (mz/s). 
Chapman-Enskog d i f f u s i v i t y  (mZ/s). 

Act iva t ion  e n e r g i e s  o f  methane and coke formation (cal /mol) .  

Binary d i f f u s i v i t y  c o e f f i c i e n t  (0.25 f o r  D , , H ~  and -0.5 f o r  D e , y 4 ) .  
Rate c o n s t a n t s  of  methane and coke formation. 

B u l k  d e n s i t y  of  pa t i c l e  (g/cm3). 
True d e n s i t y  (g/cm 3 1. 

S p e c i f i c  s u r f a c e  a r e a  ( m  1 /g). 

Rate o f  methane formation (mol/m3 min). 
mol/m3 min). 

:g 
t 
XCH4 Methane conversion.  

0 I n i t i a l  va lues  a t  t s O .  
Su_kc_fiet-? 
S Bulk s t ream and p a r t i c l e  s u r f a c e  property.  
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Figure 1. Comparison o f  model-predicted (dashed) and experimental 
values for the  conversion o f  char carbon t o  methane. Points and 
s o l i d  l i n e s  are experimental data for hydrogasification. 
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Figure 2. Calculated t o t a l  surface area (dashed l i n e s )  and 
experimental data (points) ,  compared a t  various conditions. 
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Figure 3. Porosity development o f  a lignite particle as measured 
experimentally (points) and predicted by the model (dashed lines). 
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F igure  5. Methane concen t r a t ion  p r o f i l e  with 
time i n a  l i g n i t e  p a r t i c l e  a t  900OC (ro=lOOp). 
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Figure 6.  Sur face  a rea  d i s t r i b u t i o n  wi th  t ime,  w i th in  
a g a s i f y i n g  l i g n i t e  p a r t i c l e  a t  900° C ( P o  I 100 )I 1. 



q l  I I I I 
0 0.2 0.4 0.6 0.8 1 .  

r / ro  
Figure 7. Radial  d i s t r i b u t i o n  of methane formation 
with t ime in  a l i g n i t e  p a r t i c l e  a t  9OO0C !ro = loop). 
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Figure 8. E f f e c t  of H2 p a r t i a l  p re s su re  on t h e  r a d i a l  
d i s t r i b u t i o n  o f  methane formation, a t  9OO0C and 5 min, 
(Po  = 100 p). 
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DETERMINATION OF ATOMIC SODIUM IN COAL COMBUSTION USING 
LASER-INDUCED FLUORESCENCE 

Philip G. Sweeny, Harmon B. Abrahamson, Lewis J. Radonovich, and Thomas A. Ballintine 

Department of Chemistry, University of North Dakota, Box 7185 University Station, 
Grand Forks, North Dakota 58202 

ABSTRACT 

A laser-induced fluorescence spectrometer (LIFS) was assembled and sodium atom 
densities produced from the aspiration of solutions and direct introduction of a lignite into a 
flame were determined from fluorescence measurements. The average flame volume 
observed was 0.4 mm3. This small volume allowed the measurement of sodium 
concentrations as a function of vertical and horizontal flame position. Temperature profiles 
of the flames employed were also obtained and compared with the sodium atom densities. 
The sodium atom densities calculated from the fluorescence measurements (Ntf) are 
compared with the sodium atom densities calculated from thermodynamic considerations 
(Nfi) and sodium concentrations derived from aspiration/introduction rates (Nta). 

INTRODUCTION 

Many western low-rank coals contain significant quantities of alkali, primarily sodium, that is 
associated as salts of organic groups (1.2). Sodium content has been correlated with 
serious operational problems in combustion systems such as convective pass fouling (3,4). 
The flame-volatilized alkali can condense on surfaces of entrained fly ash particles forming 
low-melting-point layers which enhance adhesion of ash particles to heat transfer surfaces 
(5,6). Other studies relating flame composition and temperature to sodium volatilization 
have been published (7,8). These studies are all similar in that only the initial and final 
forms of sodium were analyzed. A few attempts have been made using mass spectrometry 
to directly measure amounts of alkali in coal-fed flames (8,9), with some difficulty. In order 
to accurately measure the density of volatilized sodium atoms in the flame region, an 
alternative approach is necessary. 

Laser-induced fluorescence spectroscopy (LIFS) is well suited for probing various locations 
in flames to examine alkali release. This technique permits the quantitation of atomic 
species and has a small spatial resolution. The goal of this study was to determine if LIFS 
could be used to quantitate sodium atom densities in flames into which coal had been 
directly introduced, and to determine the effect of temperature and flame position on the 
sodium atom densities so measured. 

EXPERIMENTAL 

A laser-induced fluorescence spectrometer (LIFS) was used to measure the sodium atom 
densities produced from the aspiration of solutions and direct introduction of solids into a 
methane/argon/oxygen flame (2.9, 3.2, and 3.2 Umin, respectively). Argon (3.9 Umin) was 
used for the flame sheath. The excitation beam was generated by a flashlamp-pumped dye 
laser, focused and passed through a polarizing beam splitter. The horizontally polarized 
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beam was directed through the flame and the intensity of the vertically polarized rejected 
beam was monitored with a photomultplier tube (PMT). The bandwidth of the laser beam 
was 2-3 A, the maximum energy available was 1 J, and the pulse length was 500-1000 ns. 
The diameter of the laser beam in the sample region was 2.0 mm. 

The fluorescence detector was mounted perpendicular to the excitation beam in the 
horizontal plane, and two convex lenses were used to collect the Na fluorescence and 
focus it on the monochromator entrance slit. A polarizing filter set to pass only horizontally 
polarized light was placed directly in front of the monochromator. A PMT was positioned at 
the monochromator exit slit. The monochromator settings used for the Beulah lignite 
studies produced a bandpass of 1.2 nm and measured a sample volume of 0.4 mm3. 
Various monochromator settings were used in the solution studies. Stanford Research 
Systems gated integrator/boxcar averagers were used to collect the signals from both 
PMTs. The first 300 ns of the fluorescence pulse was used to quantitate the sodium atom 
density. The boxcars were triggered by the laser flash via a photodiode. 

The reported flame temperatures are those directly measured with a PtlPt-1O%Rh 
thermocouple. The burner head was similar to that used by Daily and Chan (10). The 
radius of the burner head was 0.25 inch and the horizontal positions reported are those 
measured from the burner center with positive values indicating positions closest to the 
detector. 

Solutions were aspirated into the flame via a Perkin Elmer nebulizer. The coal samples 
were introduced through a spouting bed coal feeder at a rate of 38.6 mg/min. The coal 
selected for the initial studies was a Beulah lignite. The proximate, ultimate, and ash 
analyses of this coal are shown in Table 1. A sized fraction between 200 and 325 mesh 
dried at 50 "C and 1 torr was used in this study. 

The fluorescence intensity of the sodium solutions was defined as the difference between 
the intensity measured upon the aspiration of the analyte-containing solution less the 
intensity measured when plain deionized water was employed. The background signal for 
the coal studies was measured by tuning the laser and the monochromator to a wavelength 
3 nm lower than the sodium doublet and introducing the coal sample. The fluorescence 
signal was taken as the difference between the intensity measured at the sodium doublet 
and the background measured at the lower wavelength. 

The fluorescence data were obtained by taking ten points and averaging the results and 
calculating the standard deviation. The data among the original ten points not within a 
standard deviation were discarded leaving six to nine values to average for the reported 
data point. 

The sodium atom densities were calculated in two different ways: from fluorescence 
intensities in the manner of Daily (11) to obtain Ntf values, and from a thermodynamic 
model described by Benson (12) to generate N, values. The total sodium concentrations in 
the flame were derived from sample aspirationhntroduction rates following the procedure 
suggested by Wineforder and Vickers (13) to obtain Nt, values. 
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RESULTS 

The LlFS was assembled and tested by aspirating sodium-containing solutions into the 
burner. The fluorescence signal was found to be linear over three orders of magnitude of 
Na concentration (Nta = 7.6 x lo7 atoms/mm3 to Nta = 7.6 x loio atoms/mm3). The Ntc 
values for these solutions vaned from 1 .O x lo7 atomslmm3 to 1.0 x 1010 atomslmm3 
respectively. The fluorescence measurements were taken at the flame edge closest to the 
detector. Five different sodium salts (NaCI, Na2C03, Na2S203, NaC02C6H5 and NaOH) 
were analyzed in the solution studies. The fluorescence intensity was independent of the 
sodium source. 

In order to correlate the fluorescence measurements to actual sodium atom densities in the 
flame, it was necessary to establish saturation of the fluorescence signal (1 1). Plots of 
fluorescence intensity vs. laser power were obtained for both the solution studies and the 
Beulah lignite profiles. The laser intensity necessary to achieve saturation in the solution 
studies was 1.5 x 106 W/cm2 nm and 1.2 x 1 O7 W/cm2 nm for the coal studies. 

A horizontal fluorescence profile produced by the introduction of Beulah lignite into the 
methanelargonloxygen flame was obtained (Figure 1 ). These results show that significantly 
higher fluorescence is observed upon viewing the side of the flame closest to the detector. 
The maximum fluorescence was observed at 0.28 inch from the flame center, producing the 
corresponding maximum in calculated sodium atom density. 

A vertical fluorescence profile taken at the flame center is shown in Figure 2. The 
fluorescence signal was highest directly above the burner head, and decreased to a 
constant value at positions between 0.1 15 to 1.1 15 inches above the burner. A vertical 
temperature profile taken at a position of 0.175 inch is shown in Figure 3. The temperature 
was greatest at a distance of 0.056 inch above the burner. The temperature decreased 
from 1710 "C to 1600 "C upon travelling from 0.056 to 1.525 inches. 

A vertical fluorescence profile was taken at the horizontal position of 0.35 inch (Figure 4). 
This graph shows that the fluorescence initially increases with vertical position and then 
levels off at an intensity corresponding to 1.6 x 109 atoms/mm3. A vertical temperature 
profile was taken at the horizontal position of 0.35 inch (Figure 5). The temperature at this 
position increased rapidly with vertical position and leveled at a maximum near 1600 "C. 

DISCUSSION 

LlFS can measure changes in  the density of sodium atoms generated by the introduction of 
solutions and solids into a flame. The linearity of the sodium concentration .profile 
established this fact for solutions. The horizontal profile of Beulah lignite (Figure 1) 
establishes this fact for solids by showing increased fluorescence readings upon moving 
from outside to inside the flame zone. 

The initial solution studies show that the LlFS can be used to quantitate sodium atom 
density in the flame, in addition to merely measuring differences in concentration. The 
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uniform increase in fluorescence signal with increased sample concentration demonstrates 
a range of concentration where quantitation is possible. The observation that the Ng value 
is independent of the composition of the initial sodium salt indicates that equilibration of the 
sodium atoms with the other flame species is complete, and that this equilibrium is not 
significantly affected by the identity of the counter ion. It is significant that the Ng values are 
only 14% of the Nta values, while the thermodynamic calculations (Ng) predict that 83 Yo of 
the sodium should be in the atomic form. The discrepancy between Nta and Ng values is of 
a magnitude similar to that reported by Smith et al. (14). ,These workers attributed this 
discrepancy to the estimates which contribute to Nla, most significant in our case is the 
uncertainty in the degree of flame expansion. This explanation is realistic and therefore the 
difference between the percentages of sodium present in the atomic form calculated from 
the NIf/Nta ratio (14%) and that from thermodynamics (83%) is most likely due to the 
inaccuracy of Nt,. 

The seemingly low Ntf values could also be due to decreased fluorescence intensity 
because of chemical reactions of the excited state sodium atoms (quenching). These types 
of reactions have been detailed by Muller et al. (15). In order to avoid this complication in 
our measurements only the initial 300 ns of the fluorescence was used for quantitation. 

The calculation of the sodium atom densities depends on operation in the saturated state. 
Saturation was confirmed in both the solution and mal  studies. The intensities needed for 
saturation are comparable to those reported by Smith et al. (14) for sodium solutions. Our 
observation that the saturation threshold is higher for solids than for solutions may be due to 
differences in the optical densities of the flames. 

The horizontal profile of Beulah lignite (Figure 1) shows a maximum Ng value at the flame 
edge closest to the detector. This asymmetry is a result of self absorption and/or the optical 
density of the coal entraining flame. A similar result was observed by Daily and Chan (10) 
when solutions of high sodium concentration were measured. This result points to the 
necessity of making measurements near the flame edge if accurate quantitation is desired. 

The vertical fluorescence profile taken at the center of the flame (Figure 2) shows the 
fluorescence signal to be constant above 0.1 inch. Comparison of this result to the profile 
taken at the flame edge shows that the self absorption effect occurs up to flame positions of 
1.1 15 inch. Comparison of Figure 2 with Figure 3 shows the fluorescence to be unaffected 
by small temperature changes. Comparison of Figure 4 to Figure 5 shows that the 
fluorescence apparently increases with flame temperature. The large variation in flame 
temperature at this latter horizontal position (0.35 inch) is because this is outside the burner 
radius and increasing vertical position moves the sample volume from outside to inside the 
expanded flame zone. Thus the fluorescence signal should increase as the observation 
point is moved into the active flame. (This latter fact leads to the conclusion that the data 
points taken at vertical positions of 0.015 inch are artifacts due to reflection of the laser off 
the burner head and do not represent actual sodium atom fluorescence.) 

The vertical fluorescence profile taken at the flame edge (Figure 4) shows that Ntf reaches a 
maximum value of 2.1 x 109 atoms/mrn3; this corresponds to 1.8% of the Nl, value 
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(1.2 X 101 1 atoms/mm3). The thermodynamic calculations predict 83% of the sodium to be 
released at equilibrium. The Nlf/Nt, ratio for the coal (1 .E%) is approximately 7.8 times 
smaller than that observed for solutions (14%). If we assume that equilibrium was reached 
in the solution studies, and that the N,I values are correct, then the Nt, values are 5.9 times 
larger than the actual sodium densities. Incorporating this factor into Nt, for coal produces 
the conclusion that the maximum amount of sodium present as atomic vapor in the flame 
containing Beulah lignite is 11%. 

SUMMARY AND CONCLUSIONS 

LlFS can be used to measure differences in sodium atom concentrations in both solution- 
and solid-containing flames. Quantitation of the sodium atom density is possible at the 
flame edge. The sodium atom densities produced from the introduction of Beulah lignite 
are not affected by small changes in temperature. The maximum percentage of sodium 
present as atomic vapor in the Beulah lignite flame was 11% of the total sodium in the coal. 
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TABLE I. 
Analysis of Beulah High-Sodium Lignite. 
Ultimate Analysis 

(wt% moisture-free) 
C 62.8 
H 3.9 
N 1.5 
S 1.7 
0 16.8 
ash 13.3 

Proximate Analysis 
(wt% as received) 

H20 34.9 
ash 8.7 

2.0e+9 
c) 

E 
E 

B 1.0e+9 
l% 
l% z 

-. 
E 

O.Oe+O 

Ash Analysis 
(wt% ASTM) 
S i 0 2  20.4 
A1203 12.6 
Fe203 10.8 
T i 0 2  1.2 
p205 0.9 
CaO 18.9 
MgO 5.9 
Na20 6.3 
K20 0.0 
so3 22.8 

-0.50 -0.25 0.00 0.25 0.50 . 
Distance From Burner Center, inches 

Figure 1. Horizontal fluorescence profile of Beulah lignite 
at a vertical position of 0.415 inch. 1 
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Figure 2. Vertical fluorescence profile of Beulah lignite 
at the flame center. 
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Vertical temperature profile of Beulah lignite at a 
horizontal position of 0.1 75 inch. 
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Figure 3. 
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Figure 4. Vertical fluorescence profile of Beulah lignite at a 
horizontal position of 0.35 inch.. 
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Figure 5. Vertical temperature profile of Beulah lignite at a 
horizontal position of 0.35 inch. 
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The E f f e c t s  o f  Ion-exchanged Coba l t  Ca ta l ys ts  on t h e  G a s i f i c a t i o n  o f  
Wood Chars i n  Carbon D iox ide  

Wi l l i am F. DeGroot and G.N. Richards 

Wood Chemistry Laboratory,  U n i v e r s i t y  o f  Montana, Missoula,  Montana 59812 USA 

Wood i s  composed p r i m a r i l y  o f  c e l l u l o s e ,  hemice l lu loses ,  and 1 i g n i  n. w i t h  
l e s s e r  q u a n t i t i e s  o f  e x t r a c t i v e s  (ma te r ia l  e x t r a c t i b l e  i n  o rgan ic  so l ven ts )  and 
minera l  mat te r .  The cottonwood species used i n  t h i s  s t u d y  has  been a n a l y z e d  
p rev ious l y  i n  t h i s  l a b o r a t o r y  and i t  was found t o  con ta in  44% c e l l u l o s e  and 32% 
hemice l lu loses  on an e x t r a c t i v e - f r e e  b a s i s  (1) .  The m a j o r  component o f  t h e  
hemi ce 11 u l  os es i s 0- a c e t y l  -4 -?-methyl g 1 u cu ronoxy  1 an. a p o l y m e r  cornpri sed o f  
repea t ing  u n i t s  o f  xy lose  w i t h  a c e t y l  and 4 -~ -methy lg lucu ron ic  a c i d  s u b s t i t u e n t s  
s u b s t i t u t e d  a long the  polymer chain.  F igu re  1 shows a rep resen ta t i ve  c h e m i c a l  
s t r u c t u r e  o f  t h i s  po lymer ,  b u t  does n o t  c o r r e c t l y  represent  t h e  f requency  o f  
subs t i t uen ts ;  approx imate ly  h a l f  o f  t he  xy lose  res idues  con ta in  an a c e t y l  group and 
the re  i s  one 4-~=1nethy lg lucuron ic  a c i d  group per  10-20 xy lose  res idues  (1.2). These 
a c i d  groups p r o v i d e  a means o f  i n c o r p o r a t i n g  c a t a l y s t s  i n t o  wood i n  a rep roduc ib le ,  
h igh ly -d ispersed manner by i o n  exchange. S i m i l a r  methods a re  used i n  c a t a l y s i s  o f  
low-rank coals,  b u t  t h e  i o n  exchange capac i t y  o f  wood i s  much lower  than t h a t  o f  
coals.  Our wood sample was found t o  con ta in  8-10 meq o f  ca rboxy l i c  a c i d  groups pe r  
100 grams o f  wood (2). w h i l e  low-rank coa ls  t y p i c a l l y  con ta in  10-50 t imes h ighe r  
concent ra t ions  o f  c a r b o x y l i c  a c i d  groups (3.4). 

The e f f e c t s  o f  severa l  ion-exchanged c a t a l y s t s  on g a s i f i c a t i o n  o f  wood chars  i n  
carbon d i o x i d e  were descr ibed i n  an e a r l i e r  paper (5). Ion-exchanged c o b a l t  and 
ca l c ium were found t o  be v e r y  e f f e c t i v e  c a t a l y s t s  o f  g a s i f i c a t i o n  o f  wood chars  (HTT 
800°C). I n  t h i s  paper we focus on t h e  a c t i v i t y  o f  c o b a l t  c a t a l y s t s  f o r  g a s i f i c a t i o n  
o f  wood chars  prepared a t  d i f f e r e n t  heat t rea tmen t  temperatures.  

The gases fo rmed b y  p y r o l y s i s  o f  l ow- tempera tu re  c h a r s  have  a l s o  been 
determined by temperature-programmed desorp t i on  (TPO) us ing  mass spectrometry.  T h i s  
a n a l y s i s  i s  i n d i c a t i v e  o f  s t r u c t u r a l  f ea tu res  o f  t he  char and he lps  t o  e l u c i d a t e  t h e  
chemical t rans fo rma t ions  occu r r i ng  i n  low-temperature chars  (HTT 400°C) as t h e y  a re  
heated t o  h i g h  temperatures. 

EXPERIMENTAL 

The wood sample used i n  t h i s  s tudy  was sapwood from b lack  cottonwood (Populus 
t r i c h o c a r  a). The wood was ground i n  a Wi ley  m i l l ,  s ieved, and the  20/30 mesh 
&as r e t a i n e d  f o r  ana lys is .  Chars were prepared i n  a tube fu rnace purged 
w i t h  f l o w i n g  n i t rogen,  as desc r ibed  p r e v i o u s l y  (1). and t h e y  were  s t o r e d  i n  
n i t rogen-  o r  argon-purged con ta ine rs  between analyses. 

Ac id  washing and c o b a l t  i o n  exchange t rea tments  were c a r r i e d  o u t  b y  column 
pe rco la t i on .  For c o b a l t  i o n  exchange t h e  ground, acid-washed wood (2.5 g) was 
degassed i n  a smal l  q u a n t i t y  o f  0.01 M c o b a l t  ace ta te  s o l u t i o n  and t r a n s f e r r e d  t o  a 
g lass  chromatography column. The wood was then  washed s l o w l y  w i t h  500 m l  o f  t h e  
0.01 M c o b a l t  ace ta te  so lu t i on ,  f o l l o w e d  b y  a tho rough  wash w i t h  d i s t i l l e d ,  
d e i o n i z e d  w a t e r  t o  remove any unbound s a l t .  Ac id  washing was c a r r i e d  o u t  by  
e s s e n t i a l l y  t h e  same procedure except t h a t  0.01 M HC1 was used. 

R e a c t i v i t y  measurements were c a r r i e d  o u t  i n  a g a s i f i c a t i o n  r e a c t o r / d e t e c t o r  
system descr ibed p r e v i o u s l y  (1). B r i e f l y ,  t he  system cons is t s  o f  a smal l -sca le  
temperature-programmed alumina r e a c t o r  coupled t o  a combust ib le  gas de tec to r .  The 
r e a c t o r  can be main ta ined under e i t h e r  an i n e r t  o r  a r e a c t i v e  atmosphere. F o r  i n e r t  
cond i t i ons  i t  i s  swept w i t h  n i t r o g e n  o r  he l i um (40 cc/min) and an equ iva len t  f l o w  o f  
carbon d i o x i d e  i s  va lved i n t o  the  r e a c t o r  f o r  g a s i f i c a t i o n .  

193 



The d e t e c t o r  c o n s i s t s  of  a ZrOz s o l i d  e l e c t r o l y t e  oxygen sensor which i s  
ma in ta ined a t  a tempera ture  o f  650-700 C. Combust ib le gases formed i n  t h e  r e a c t o r  
combine w i t h  an a i r  stream a f t e r  t hey  leave t h e  r e a c t o r  and they  undergo combustion 
i n  the  h o t  de tec tor .  The d e t e c t o r  mon i to rs  t h e  d e p l e t i o n  o f  oxygen conten t  i n  t h e  
combined gas  streams. The r a t e  o f  carbon g a s i f i c a t i o n  i s  c a l c u l a t e d  from t h e  
combined gas f low r a t e s  and the  oxygen dep le t i on ,  assuming t h a t  one mole o f  carbon 
i s  g a s i f i e d  f o r  each mole o f  oxygen consumed. 

The r a t e  o f  g a s i f i c a t i o n  o f  a c h a r  (HTT 800°C) p r e p a r e d  f r o m  u n t r e a t e d  
cottonwood i s  shown i n  F igu re  2. The d e t e c t o r  o u t p u t  can be i n t e g r a t e d  over t h e  
e n t i r e  r u n  t o  g i v e  t h e  t o t a l  e x t e n t  o f  g a s i f i c a t i o n ,  o r  i t  can be i n t e g r a t e d  above 
t h e  base l i ne  de f ined by t h e  r a t e  of  p y r o l y t i c  g a s i f i c a t i o n  (do t ted  l i n e )  t o  g i v e  t h e  
e x t e n t  o f  g a s i f i c a t i o n  due t o  r e a c t i o n  w i t h  COz. The ex ten ts  o f  g a s i f i c a t i o n  
repo r ted  i n  t h i s  paper  a r e  t h o s e  due t o  g a s i f i c a t i o n  a lone.  i . e .  e x c l u d i n g  
py ro l ys i s .  Ex ten ts  o f  convers ion  determined i n  t h i s  way compare w e l l  w i t h  measured 
we igh t  losses, g e n e r a l l y  amounting t o  100-110% o f  t h e  we igh t  loss .  Th is  system i s  
p r e f e r r e d  t o  g r a v i m e t r i c  systems f o r  o u r  purposes because o f  i t s  g rea te r  s e n s i t i v i t y  
and b e t t e r  c o n t r o l  o f  temperature and gas f lows. 

The g a s i f i c a t i o n  s y s t e m  was m o d i f i e d  t o  i n c l u d e  a u n i t  r e s o l u t i o n  mass 
spectrometer (Hewlet t -Packard Model 59708) f o r  q u a l i t a t i v e  ana lys i s  o f  gas m ix tu res  
fo rmed d u r i n g  p y r o l y s i s  o f  t h e  sample p r i o r  t o  g a s i f i c a t i o n .  When the  mass 
spectrometer was i n  use he l i um was used as t h e  r e a c t o r  purge gas. A s p l i t t e r  was 
p laced i n  t h e  gas l i n e  between the  r e a c t o r  o u t l e t  and t h e  combustion a i r  i n l e t .  One 
meter  o f  uncoated v i t r e o u s  s i l i c a  c a p i l l a r y  t u b i n g  (0.20 mm IO) connec ted  t h e  
s p l i t t e r  t o  the  mass spectrometer.  The c a p i l l a r y  t u b i n g  was conta ined i n  a t r a n s f e r  
l i n e  heated t o  100°C. T h i s  arrangement d i v e r t e d  approx imate ly  0.1 ml/min (0.3%) o f  
t h e  reac to r  gas f l o w  t o  t h e  mass spectrometer.  On t h e  bas i s  o f  p r e l i m i n a r y  r u n s  
wh ich  revea led  no h i g h  molecu la r  we igh t  p y r o l y s i s  products,  t he  mass range o f  10 t o  
110 amu was scanned and approx imate ly  f i f t e e n  mass spec t ra  were accumulated p e r  
minute. 

X-ray d i f f r a c t i o n  p a t t e r n s  were ob ta ined us ing  a P h i l l i p s  d i f f r a c t o m e t e r  (CuKa. 
35kV. 20mA) a t  a scan r a t e  o f  1 degree p e r  minute. The sample was mounted on a 
g l a s s  s l i d e  us ing  a v a s e l i n e  smear. 

RESULTS 

G a s i f i c a t i o n  Rate De te rm ina t ion  

Table 1 shows t h e  y i e l d s  and r e a c t i v i t i e s  o f  chars  prepared a t  d i f f e r e n t  HTT's 
f rom wood t r e a t e d  b y  i o n  exchange w i t h  coba l t ,  calc ium, and potassium. The cha r  
prepared from one o f  t he  cobalt-exchanged samples was i n i t i a l l y  so r e a c t i v e  t h a t  t h e  
r a t e  o f  g a s i f i c a t i o n  exceeded the  de tec t i on  l i m i t s  o f  t he  de tec tor ,  i .e. ,  a l l  o f  t h e  
oxygen i n  t h e  combust ion a i r  supp ly  was consumed by  combustion o f  p roduc t  gases. I n  
t h i s  case t h e  maximum r a t e  o f  g a s i f i c a t i o n  was n o t  observable,  and the  ex ten t  o f  
g a s i f i c a t i o n  was t h e r e f o r e  i n d i c a t e d  as be ing  "g rea ter  than" t h e  va lue  o f  t h e  
i n t e g r a t e d  d e t e c t o r  response. The change i n  sample we igh t  i s  i n d i c a t e d  t o  show t h e  
t o t a l  e x t e n t  o f  reac t i on .  

The r e a c t i v i t i e s  o f  t he  chars  con ta in ing  c o b a l t  c a t a l y s t  a re  c l e a r l y  l e s s  
dependent on HTT than  a re  those o f  t h e  chars c o n t a i n i n g  ca lc ium and potassium. The 
r e a c t i v i t i e s  of t h e  l a t t e r  chars toward g a s i f i c a t i o n  a t  800°C increase by  a t  l e a s t  a 
f a c t o r  o f  two as t h e  HTT i s  reduced from 1000" t o  800°C. Th is  behav io r  i s  t y p i c a l  
of  t r e n d s  shown b y  o the r  i n v e s t i g a t o r s  who have s tud ied  the  e f f e c t s  o f  HTT o n  
ca ta lyzed g a s i f i c a t i o n  of l i g n i t e  chars  (6-8). By con t ras t ,  chars  prepared f r o m  
cobalt-exchanged wood a t  800" and 1000°C a re  g a s i f i e d  t o  a s i m i l a r  e x t e n t  a t  800'C. 
When HTT and g a s i f i c a t i o n  temperature a re  reduced t o  6OO0C, the  char  prepared f rom 
coba l t - t rea ted  wood i s  comple te ly  gas i f i ed ,  whereas t h e  chars  prepared from ca lcu im 
and po tass i  um-exchange wood a re  comple te ly  un reac t i ve  a t  t h i s  temperature. When 
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cobalt-exchanged wood was char red  and g a s i f i e d  a t  400°C. no g a s i f i c a t i o n  occurred. 

Tab le  1. E f f e c t  o f  HTT on e x t e n t  o f  CO2 g a s i f i c a t i o n  o f  chars f rom ion-exchanged 
wood. G a s i f i c a t i o n  was f o r  30 min i n  90.9 kPa o f  CO2. 

G a s i f i c a t i o n  
HTT Char Y i e l  db Temper a t  u r e  Percent  

Treatement 0 (%, d.a.f.) ( " C )  G a s i f i e d  

Co-exchanged 1000 
800 

7.4 
9.2 

600 12.9 
400 21.3 

K-exchanged 1000 9.9 
800 13.4 
600 17.5 

Ca-exchanged 1000 8.1 
800 9.3 
600 12.7 

800 
800 
600 
600 
400 
800 
800 
600 
800 
800 
600 

>69a 
73 
46 
96 
0 
6% 

13 
0 

36 
102c 

0 

aMeasured we igh t  l o s s  was 73%. 

bChar y i e l d s  a re  repo r ted  on a d ry ,  ash-free bas i s  assuming t h a t  t h e  we igh t  o f  
t he  ash i n  the  o r i g i n a l  wood remains i n  the  char. 

CSample g a s i f i e d  completely.  Percent o f  convers ion  determined by i n t e g r a t i o n  
o f  combust ib le gas d e t e c t o r  s i g n a l  was c o n s i s t e n t l y  100-110% o f  measured we igh t  
loss .  

I n  o rde r  t o  b e t t e r  assess t h e  dependence o f  r e a c t i v i t y  on HTT i n  more d e t a i l ,  
chars prepared from cobalt-exchanged wood a t  100°C increments o f  HTT were g a s i f i e d  
a t  500°C. The r e s u l t s  a re  shown i n  Tab le  2. The maximum r e a c t i v i t y  i s  a t t a i n e d  a t  
t he  HTT 600°C. The r e a c t i v i t y  decreases s l i g h t l y  when the  HTT i s  r a i s e d  t o  700°C 
and more d r a m a t i c a l l y  when t h e  HTT i s  r a i s e d  t o  800°C. There i s  v e r y  l i t t l e  
r e a c t i o n  f o r  t he  sample o f  HTT 500°C. These r e s u l t s  suggest t h a t  t h e r e  i s  a 
th resho ld  temperature f o r  a c t i v a t i o n  o f  t he  c a t a l y s t  a t  about 600°C. 

Table 2. E f f e c t  o f  heat  t rea tment  temperature (HTT) on the  y i e l d  and r e a c t i v i t y  o f  
chars prepared from cobalt-exchanged wood. G a s i f i c a t i o n  was c a r r i e d  o u t  
f o r  30 min a t  500°C i n  90.9 kPa o f  CO2. 

Char Y i e l d  Percent  
HTT I%, d.a . f .1  G a s i f i e d  

Co-exchanged wood 800 
(0.23% Co, 0.34% ash) 700 

600 
500 

9.2 
10.9 
12.9 
17.2 

16 
66 
70 

3 

TO o b t a i n  a more d e t a i l e d  d e s c r i p t i o n  o f  t he  na tu re  o f  c a t a l y s i s  b y  c o b a l t  it 
i s  he lp fu l  t o  cons ider  the  changes i n  r e a c t i o n  r a t e  w i t h  ex ten t  o f  g a s i f i c a t i o n  o r  
" g a s i f i c a t i o n  r a t e  p r o f i l e s " .  as shown i n  F igu re  3. The g a s i f i c a t i o n  r a t e  p r o f i l e  
f o r  t he  HTT 800°C char  prepared from cobalt-exchanged wood undergoes two phases o f  
r e a c t i o n  when g a s i f i e d  a t  800°C. The f i r s t  stage i s  very  r a p i d  b u t  decreases as t h e  
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r e a c t i o n  proceeds. 
o f  reac t ion .  

The second phase i s  c h a r a c t e r i z e d  by a lower, more cons tan t  r a t e  

F igure  4 shows t h e  g a s i f i c a t i o n  r a t e  p r o f i l e  o f  a low-temperature char (HTT 
600°C) g a s i f i e d  a t  600°C. Th is  char was much more r e a c t i v e  than t h e  char prepared 
a t  800°C and t h e  maximum r a t e  exceeded t h e  d e t e c t o r  capac i ty .  As shown by t h e  
e x t e n t s  o f  g a s i f i c a t i o n  i n  Table 1. the  low-temperature char was comple te ly  g a s i f i e d  
i n  t h i s  case, and t h e r e  was no evidence o f  t h e  second, s lower phase of g a s i f i c a t i o n  
which was observed i n  g a s i f i c a t i o n  o f  h igher  temperature chars (HTT 800°C) a t  800°C. 

P y r o l y t i c  G a s i f i c a t i o n  o f  Low-Temperature Chars 

We i n v e s t i g a t e d  t h e  p y r o l y t i c  t rans format ions  t h a t  occur i n  chars (HTT 400°C) 
prepared from u n t r e a t e d  and cobalt-exchanged cottonwood upon heat ing  t o  8OOOC i n  
o rder  t o  determine t h e  ex is tence and n a t u r e  o f  any s i g n i f i c a n t  c a t a l y s t / s u b s t r a t e  
i n t e r a c t i o n s  which occur  d u r i n g  p y r o l y s i s .  F igure  5 shows the  g a s i f i c a t i o n  r a t e  
p r o f i l e  and the  t o t a l  i o n  p r o f i l e  f o r  a char (HTT 400°C) prepared from u n t r e a t e d  
co t tonwood h e a t e d  i n  f l o w i n g  h e l i u m  t o  800°C; both curves are  f rom t h e  same 
experiment. The shape o f  t h e  g a s i f i c a t i o n  r a t e  p r o f i l e  i s  d i s t i n c t l y  d i f f e r e n t  from 
t h a t  o f  the  t o t a l  i o n  p r o f i l e .  The former peaks a t  10.5 min. corresponding t o  t h e  
end o f  the  temperature ramp, w h i l e  t h e  t o t a l  i o n  p r o f i l e  peaks a t  8.5 m i n u t e s  
(600°C). The d i f f e r e n c e  i n  t h e  two p r o f i l e s  i s  apparent ly  due t o  e v o l u t i o n  of 
molecular hydrogen i n  t h e  h igher  temperature range. Hydrogen i s  n o t  de tec ted  by t h e  
mass s p e c t r o m e t e r ,  b u t  t h e  combust ib le  gas d e t e c t o r  i s  very s e n s i t i v e  t o  t h e  
e v o l u t i o n  o f  hydrogen, s ince  i t s  combustion r e q u i r e s  t h r e e  times more oxygen p e r  
u n i t  weight than does combustion o f  carbon. Comparison o f  these curves t h e r e f o r e  
suggests t h a t  e v o l u t i o n  o f  molecular hydrogen from the  char predominates a t  h i g h  
t e m p e r a t u r e s  (T>650"C), w h i l e  ca rbonaceous  compounds a r e  e v o l v e d  a t  l o w e r  
temperatures. 

Ana lys is  o f  i n d i v i d u a l  mass spec t ra  acquired dur ing  these experiments i n d i c a t e s  
t h a t  the  most prominent species evolved are  CO (m/z 28) and CO2 (m/z  44). w i t h  COP 
e v o l u t i o n  decreas ing  a t  h i g h e r  t e m p e r a t u r e s .  T h e r e  i s  a l s o  a s m a l l e r ,  b u t  
s i g n i f i c a n t  q u a n t i t y  o f  water (m/z 18) evolved throughout t h e  p y r o l y s i s  process, 
Mass peaks i n d i c a t i v e  o f  methanol, low molecular weight aldehydes and hydrocarbons 
are a lso  present i n  v e r y  low abundances. 

The g a s i f i c a t i o n  r a t e  p r o f i l e  shown i n  F igure  5 has been demonstrated t o  be 
r e p r e s e n t a t i v e  o f  u n t r e a t e d  wood as w e l l  as wood t r e a t e d  w i t h  a l k a l i  and a l k a l i n e  
e a r t h  metals (9).  However, as shown i n  F i g u r e  6. t h e  g a s i f i c a t i o n  r a t e  p r o f i l e  o f  
low-temperature chars c o n t a i n i n g  the  c o b a l t  c a t a l y s t  d i f f e r s  f rom t h i s  p a t t e r n .  The 
p r o f i l e  fo r  the  char (HTT 400°C) prepared from cobalt-exchanged wood peaks much 
e a r l i e r  than t h a t  o f  t h e  char f rom unt rea ted  wood, and t h i s  appears t o  be due t o  a 
peak (5.8 min. 630°C) superimposed on t h e  p r o f i l e  of the  un t rea ted  wood. The same 
peak i s  ev ident  on t h e  t o t a l  i o n  p r o f i l e ,  which suggests t h a t  t h i s  a d d i t i o n a l  
t r a n s i t i o n  i n v o l v e s  e v o l u t i o n  o f  carbonaceous species. However, a n a l y s i s  o f  t h e  
mass spectra corresponding t o  t h i s  peak does n o t  i n d i c a t e  t h a t  t h i s  peak i n  t h e  
g a s i f i c a t i o n  r a t e  p r o f i l e  corresponds t o  t h e  enhanced e v o l u t i o n  o f  any s i n g l e  
product.  The da ta  do not, t h e r e f o r e  suggest a s p e c i f i c  s o l i d  phase r e a c t i o n  
i n v o l v i n g  i n t e r a c t i o n  o f  t h e  c o b a l t  c a t a l y s t  w i t h  carbon. However, we b e l i e v e  t h a t  
t h i s  t r a n s i t i o n .  which i s  unique among t h e  c a t a l y s t s  s tud ied  and corresponds t o  t h e  
HTT a t  which the  c a t a l y s t  became a c t i v e  (see Tables 1 and 2), corresponds t o  t h e  
r e d u c t i o n  of t h e  c a t a l y s t  t o  t h e  elemental  s t a t e  which has been shown t o  be the  
a c t i v e  s t a t e  o f  t r a n s i t i o n  metal  c a t a l y s t s  f o r  g a s i f i c a t i o n  o f  g r a p h i t e  ( l o ) ,  wood 
chars (11). and coa l  chars (12). 

X-Ray D i f f r a c t i o n  

X-ray d i f f r a c t i o n  (XRO)  p a t t e r n s  f o r  chars prepared a t  800" and 1000°C from 
The d i f f r a c t i o n  p a t t e r n s  show evidence cobalt-exchanged wood a r e  shown i n  F igure  7. 
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o f  d i f f e r e n t  c r y s t a l l i n e  phases  i n  t h e  two chars.  Two o f  t h e  peaks i n  t h e  
d i f f r a c t i o n  p a t t e r n  o f  t h e  h i g h e r  tempera tu re  char, correspond t o  d-spacings 
c h a r a c t e r i s t i c  o f  e lemental  c o b a l t  (2'J=44.Zo and 51.5") (13). The la rge ,  Froad peak 
i n  the  XRD p a t t e r n  f o r  t h i s  char  i s  n o t  i d e n t i f i e d  and p robab ly  corresponds t o  
ordered reg ions  i n  t h e  carbon l a t t i c e .  The peaks i n  the  d i f f r a c t i o n  p a t t e r n  o f  t h e  
char o f  HTT 800°C cou ld  n o t  be c o r r e l a t e d  w i t h  a c r y s t a l l i n e  c o b a l t  compound o r  w i t h  
compounds o f  t he  smal l  q u a n t i t y  o f  ca l c ium remain ing  i n  t h i s  sample. No XRD peaks 
were observed i n  chars  (HTT 800°C) f rom potassium- o r  calcium-exchanged samples. 

DISCUSS ION 

The r e s u l t s  ob ta ined i n  t h i s  s tudy  demonstrate the  e x c e p t i o n a l l y  h igh  a c t i v i t y  
o f  c o b a l t  i n  c a t a l y z i n g  the  g a s i f i c a t i o n  o f  wood chars  i n  c a r b o n  d i o x i d e .  A 
p y r o l y s i s  t e m p e r a t u r e  o f  abou t  600°C appears  t o  be requ i red  t o  a c t i v a t e  the  
ca ta l ys t .  A t  h ighe r  heat  t rea tment  temperatures t h e  maximum c a t a l y t i c  a c t i v i t y  
dec l ines .  

F igue i redo  d. s tud ied  t h e  g a s i f i c a t i o n  o f  chars  (HTT 850°C) prepared from 
p ine  wood doped w i t h  h ighe r  l e v e l s  o f  c o b a l t  n i t r a t e  (1.6% meta l )  (14). These 
au thors  r e p o r t  g a s i f i c a t i o n  behav io r  i n  pure  COz s i m i l a r  t o  t h a t  repo r ted  here, 
i .e . ,  an i n i t i a l  pe r iod  o f  r a p i d  g a s i f i c a t i o n  l a s t i n g  a few minutes  fo l l owed  by s low 
g a s i f i c a t i o n  o f  t h e  r e m a i n i n g  char.  They measured g a s i f i c a t i o n  r a t e s  i n  t h e  
temperature range o f  740-910°C and r e p o r t  an i n i t i a l  (presumably maximum) r a t e  a t  
805°C o f  0.18 min-1 which i s  very  comparable t o  t h e  i n i t i a l  r a t e  o f  18 mMoles 
Cmmin-l.g-1 (0.22 g-g- lmmin- l )  found i n  t h i s  s tudy  f o r  a char  (HTT 800°C) g a s i f i e d  
a t  800°C (see F i g u r e  3). T h e i r  da ta  e x t r a p o l a t e  t o  much lower  r a t e s  a t  600" and 
500°C than those found i n  t h i s  s tudy  f o r  g a s i f i c a t i o n  o f  a char prepared a t  600°C 
(see F igu re  4). The e f f e c t  o f  t he  h ighe r  concen t ra t i on  o f  c o b a l t  i n  t h e i r  wood i s  
presumably o f f s e t  by  lower d i s p e r s i o n  o f  t he  c a t a l y s t  due t o  the  mode o f  add i t i on ,  
h ighe r  HTT. and l a r g e r  heat t rea tment  t ime  used i n  p repara t i on  o f  chars ( 1  h r  E 10 
min i n  t h i s  study). These au thors  suggest t h a t  t h e  d e c l i n e  i n  a c t i v i t y  i s  due t o  
o x i d a t i o n  o f  t he  a c t i v e  reduced fo rm t o  COO d u r i n g  g a s i f i c a t i o n ,  and they  c i t e  XRD 
evidence f o r  COO i n  chars a f t e r  g a s i f i c a t i o n .  However, t h e  r e s u l t s  o f  t h i s  s tudy  
show t h a t  t h e  rap id ,  ca ta l yzed  stage o f  g a s i f i c a t i o n  can be main ta ined th roughout  
the  r e a c t i o n  t o  g i v e  complete g a s i f i c a t i o n  o f  chars  prepared and g a s i f i e d  a t  lower  
temperatures (600°C. see F igu re  4). We t h e r e f o r e  b e l i e v e  t h a t  t h e  s lower s tage o f  
g a s i f i c a t i o n  i s  due t o  g a s i f i c a t i o n  o f  carbon which i s  no longer  i n  con tac t  w i th  the  
c a t a l y s t  due t o  i t s  agglomerat ion a t  h igh  temperatures.  

The combined da ta  f rom t h i s  study suggest a p i c t u r e  o f  c a t a l y s i s  by c o b a l t  
i n v o l v i n g  (1) reduc t i on  t o  an a c t i v e  c a t a l y t i c  s ta te ,  p robab ly  elemental  coba l t ,  
near 600°C fo l l owed  b y  ( 2 )  a g g l o m e r a t i o n  o f  t h e  c a t a l y s t  p a r t i c l e s  t o  fo rm 
c r y s t a l l i n e  c o b a l t .  The l a t t e r  p r o c e s s ,  w h i c h  i s  much more i m p o r t a n t  a t  
temperatures g r e a t e r  than 8OO"C, g ives  r i s e  t o  two d i s t i n c t  phases o f  g a s i f i c a t i o n .  
The f i r s t ,  c o r r e s p o n d i n g  t o  g a s i f i c a t i o n  o f  ca rbon  i n  c o n t a c t  w i t h  c o b a l t  
c r y s t a l l i t e s  i s  f a s t ,  w h i l e  the  second, s lower r a t e  corresponds t o  g a s i f i c a t i o n  of  
char which i s  n o t  i n  con tac t  w i t h  c a t a l y s t  (see F igu re  1). On t h e  bas i s  o f  t h e  XRD 
evidence f o r  c r y s t a l l i n e  elemental  c o b a l t  i n  chars  o f  HTT 1000°C. we b e l i e v e  t h a t  
elemental  c o b a l t  i s  t h e  a c t i v e  phase o f  t h e  c a t a l y s t  th roughout  t h e  reac t i on ,  bu t .  i t  
i s  d e t e c t a b l e  by XRD o n l y  when c r y s t a l l i t e  g rowth  i s  a t  an advanced stage. 

The presence o f  reduced c o b a l t  i n  wood chars  a l s o  suggests t h a t  t he  r e l a t i v e  
a c t i v i t i e s  o f  t r a n s i t i o n  metal  c a t a l y s t s  i n  g a s i f i c a t i o n  by carbon d i o x i d e  m igh t  be  
assoc ia ted  w i t h  the  r a t e  o f  d i s s o c i a t i o n  o f  t he  r e a c t a n t  gas on the  metal  surface. 
Grabke has repo r ted  r a t e  cons tan ts  f o r  d i s s o c i a t i o n  o f  C02 on coba l t ,  n i c k e l  and 
copper a t  1000°C (15). which are  p e r t i n e n t  t o  the  non-equ i l ib r ium cond i t i ons  used i n  
our  s tud ies .  The r a t e  cons tan ts  decrease i n  the  order:  kCo>kNi>>kCu. which i s  t h e  
same order  o f  r e l a t i v e  a c t i v i t i e s  repo r ted  f o r  t r a n s i t i o n  metal  c a t a l y s t s  i n  t h e  
e a r l i e r  paper (5). The r e s u l t s  o f  these s t u d i e s  a re  t h e r e f o r e  cons is ten t  w i t h  an 
oxygen t r a n s f e r  mechanism, as descr ibed by  Walker et d. i n  t h e  i ron-ca ta lyzed 
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gas i f i ca t i on  o f  graphi te  by C02 (10) or  poss ib l y  an oxygen ' s p i l l o v e r '  mechanism 
(16). depending on whether the adsorbed atomic oxygen reacts  w i t h  the metal t o  form 
the metal oxide before reac t i ng  w i t h  carbon i n  contact  w i t h  the c a t a l y s t  p a r t i c l e .  
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Figure 1 .  Representative s t r u c t u r a l  elements o f  a c e t y l  4-~-methylglucuronoxylan. 
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Figure 2.  Gas i f ica t ion  r a t e  p r o f i l e  f o r  g a s i f i c a t i o n  a t  8 O O O C  o f  char (HTT 800OC) 
prepared f r o m  untreated cottonwood. 
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Figure 3. G a s i f i c a t i o n  r a t e  p r o f i l e  f o r  g a s i f i c a t i o n  a t  800°C o f  char (HTT 800°C) 
prepared from cobalt-exchanged cottonwood. 
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Figure 5. Gasification rate profile and total ion profile for pyrolytic gasifi-  
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Gasification rate profile and total ion profile for pyrolytic gasifi-  
cation i n  helium of char (HTT 400'C) prepared from cobalt-exchanged 
cottonwood. 
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Figure 7.  XRD pat te rns  obtained from chars prepared from cobalt-exchanged 
cottonwood a t  HTT's o f  ( A )  8 O O O C  and (B) 1000°C. 
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Determination of the Distribution of Ash, Pyrite and 
Basic Constituents in Coal Particles 

D. M. Mason and S. S. Chao 

Institute of Gas Tqchnology 
3424 South State 'Street 
Chicago, I l l i n o i s  60616 

INTRODUClTON 

In fluidized-bed gasification of high-sulfur coals, such as the KRW and U-GAS 
processes, relatively low melting ash is produced by reaction of iron from pyrite 
with the siliceous components produced from clays and quartz.(l,Z) 
catastrophic growth of ash clinkers and defluidization of the bed, ash in the bed 
must be limited to 40 to 50 weight percent. As a result of this low ash content 
of the bed, the ash must be agglomerated to facilitate its removal from the bed 
without unacceptable loss of char carbon and decrease of gasification 
efficiency. To obtain a detailed understanding of the behavior of mineral matter 
and ash in fluidized-bed gasification, a fundamental research investigation is in 
progress at IGT under a program supported by the U.S. Department of Energy.(2,3) 

To prevent 

In our approach to the problem, we note that pyrite quickly decomposes to 
ferrous sulfide when the coal is introduced into the hot fluidized bed of a 
gasifier; also that sufficient hydrogen sulfide is produced from high sulfur coal 
to stabilize the ferrous sulfide in the back-mixed fluidized bed away from the 
oxygen inlet region; also that in the back-mixed bed the gasification reactions 
with steam and carbon dioxide occur relatively slowly and thus tend to occur 
throughout char particles. Complete removal of the carbon in char particles must 
occur before the oxidized iron can contact the siliceous components in the ash. 
Both this carbon removal and the oxidation of the ferrous sulfide occur only in 
the oxygen inlet region. Elevated temperatures in this region also facilitates 
the reaction of oxidized iron with the siliceous components to form relatively 
low-melting iron aluminosilicates. 
introduced through a central jet, forming an oxygen reaction region resembling a 
burner flame. Thickness, shape, and temperature of this reaction region is known 
only within wide limits. 

In both the KRW and U-GAS processes, oxygen is 

We envision that the initial formation of ash reaction products occurs by 
reaction of the minerals present in single particles of char formed from single 
particles of coal. 
determines their melting point, viscosity and potential for agglomeration. In 
this paper we report the results of the application of some methods of investi- 
gation of ash composition in single particles of coal. 

The oxide composition of the ash of single particles 

Selection of Coals 

As part of the research on the behavior of ash in fluidized-bed gasification, 
several coals were selected for test in a 2-inch reactor. These were five eastern 
U . S . ,  one western (New Mexico) bituminous. and one subbituminous coal. A l l  had 
been washed except the subbituminous coal. Four of the eastern U . S .  coals were 
selected to cover a range of iron oxide content of the ash from about 10 to 30 
weight percent Pe203 along with a calcium oxide content of 2.5 weight percent or 
less; the other, an Illinois No. 6 seam coal, was selected to show the effect of 
high calcium oxide content with low iron oxide. 
minerals and ash of the coals, including iron distribution by Mossbauer 
spectroscopy and mineralogy by computer-assisted scanning electron microscopy 
(SEMI, are presented in Table 1. 

Analytical data pertaining to 
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Table 1. W I S E S  O? I U H E W S  AUD ASU OF COALS USED IN USIPICAIION TESTS 

KY NO. 9 
Providence 

54.5 

17.8 

19.9 

0.80 

0.07 

2.29 

0.67 

0.54 

2.20 

2.10 
100.9 

OU sirf No. 8 
Franklin 125 

41.b 

20.9 

31.7 

1.02 

0.07 

1.14 

0.3b 
0.35 

0.98 

1.00 
99.2 
- 

KY No. 13 
k a  HO. 13 

58.5 

26.9 

8. L 
0.87 

0.Lb 

0.90 

1.21 

0.24 

2.94 

0.80 
76m 

IL No. b 
burn. SL.r 4 

54. I 

1b.9 

10.7 

0.70 

0.13 

8.34 

0.95 

0.75 

1.96 

7.00 
7-K-T 

IN m 
lhirer..1 

51. I 

21.9 

15.7 

0.85 

0.12 

2 . 4 ~  

1.18 

2.81 

0.65 

-+ 
Ash Canrent (a. ashed for an.ly.1. 7.9 7.7 8.2 13.4 13.5 
Of .ah, d r y  banla) 

I r o n  D i s t r i b u t i o n  (by Wmsbauer Spcerrocopy)' 

95. a 7 1 . 4  91. b 80.5 
6.9 

4.b t r t  
17.4 3.8 12.7 

- _ _  -_ 11.2 - 92. I -_ __ _- __ - 4.2 __ 7.9 _ _  

20 I 1  I7 20 23 
5 10 7 3 3 
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__ __ 

3 3  36 
3 2 

I7 
2 

23 
<I 1 

in 

Iork 
TO* C.n,on 

4b. 4 

24.3 

9.0 

1.02 

2.11 

8.15 

2. IS 
0.90 

0.44 

46 
8.0 

9.7 
70.6 
15.5 

4.2 
__ 

204 



Dis t r ibu t ion  of Ash Composition Among P a r t i c l e s  

Moza and Austin have described the  ana lys i s  of i nd iv idua l  pu lver ized  coa l  
p a r t i c l e s  by computer-assisted SEM.(4) The ob jec t ive  of t h i s  work was the  
eva lua t ion  of coa ls  f o r  s l a g  depos i t ion  i n  e l e c t r i c  u t i l i t y  b o i l e r s  f i r e d  w i t h  
pulverized coa l .  Sieve f r a c t i o n s  of p a r t i c l e s  from 10 t o  106 ym i n  diameter were 
mounted sepa ra t e ly ,  s ec t ioned  and pol i shed;  those p a r t i c l e  c ross -sec t ions  f a l l i n g  
wi th in  the  s i z e  range of t he  s ieve  f r a c t i o n  were se l ec t ed  f o r  x-ray emission 
ana lys i s ;  about 280 p a r t i c l e s  of t he  coa r ses t  f r a c t i o n  and 800 t o  900 of t h e  
f i n e s t  were analyzed. 

Moza and Aus t in ' s  method seems admirable f o r  pulverized f u e l ,  but of doub t fu l  
a p p l i c a b i l i t y  t o  t h e  1/4-inch top s i z e  feed t o  fluidized-bed g a s i f i e r s .  
d i f f i c u l t y  is t h a t  s ec t ions  o r i en ted  p a r a l l e l  t o  t he  coa l  bedding a r e  not 
r ep resen ta t ive  of the minerals of the  whole p a r t i c l e .  

One 

For t h i s  i n v e s t i g a t i o n ,  we adopted a chemical method i n  which the ash 
compositions of 32 s i n g l e . p a r t i c l e s  were determined. P a r t i c l e s  from t h e  -10+12 
mesh f r a c t i o n  of the  l / 4  inch  top s i z e  coa l  were taken f o r  a n a l y s i s ;  t h i s  s i z e  
fu rn i shes  enough a s h  f o r  the  chemical a n a l y s i s  and is about t h e  average s i z e ,  by 
weight,  of t h e  coal feed  t o  a p i l o t  p l an t  or commercial f luidized-bed g a s i f i e r .  
P a r t i c l e  weight,  ash con ten t ,  and i r o n  oxide and calcium oxide i n  the  ash were 
determined. I n  add i t ion  t o  determined conten ts  of i r o n  and calcium oxide i n  the  
ash ,  t he  content of b a s i c  cons t i t uen t s  was es t imated  by adding the average amount 
of o the r  bas i c  oxides (Mgo, K20 and N a l O ) ,  a s  determined by a conventional major 
and minor oxides a n a l y s i s ,  t o  the determined i ron  and calcium oxides.  A 
co r rec t ion  f o r  s u l f u r  t r i o x i d e  i n  t he  p a r t i c l e  ash  was made, based on the  average 
r a t i o  of SO3 t o  C a O  i n  the  conventional ana lys i s  of the  ash of the e a s t e r n  U.S. 
coa l s  t h a t  w e  i nves t iga t ed .  This method of co r rec t ion  was not s a t i s f a c t o r y  when 
the  content of calcium oxide i n  the  s i n g l e  p a r t i c l e  ash  was higher than about 20%. 

Analysis of the s i n g l e  p a r t i c l e s  a r e  repor ted  i n  d e t a i l  elsewhere. ( 3 )  
Averages f o r  the f i r s t  16,  t he  second 16, t he  odd-numbered p a r t i c l e s ,  the  even- 
numbered p a r t i c l e s ,  and f o r  a l l  p a r t i c l e s  a r e  a l s o  l i s t e d ;  t he  subse ts  were> 
ca l cu la t ed  t o  obta in  a measure of t he  e f f e c t  of number of analyzed p a r t i c l e s .  
e a s t e r n  bituminous coa l s ,  t he  most important d i s t r i b u t i o n  is t h a t  of t he  i r o n  
oxide content of the  ash. For t h e  Kentucky No. 9 coa l ,  the  average i r o n  oxide 
conten ts  of t h e  fou r  groups of 16 p a r t i c l e s  ranges from 21.72 t o  26.35 weight 
percent ,  and the average f o r  a l l  p a r t i c l e s  is 22.21 weight percent compared t o  
19.9 weight percent  ob ta ined  by the  conventional a n a l y s i s  f o r  major and minor 
oxides.  We conclude from t h i s  and s i m i l a r  da t a  on the  o ther  coa l s  t h a t  a n a l y s i s  
of 32 p a r t i c l e s  is necessary and may be s u f f i c i e n t  f o r  cha rac t e r i z ing  the  
d i s t r i b u t i o n .  

For 

A comparison of t he  averages of t he  p a r t i c l e s  wi th  the  values of t he  con- 
vent iona l  major and minor oxides  i s  presented i n  Table 2. 
oxide i n  the  ash of t he  32 p a r t i c l e s  of Kentucky No. 9 coal  agrees well  w i t h  the  
conventional ana lys i s .  less than  ha l f  a s  much calcium oxide was present  i n  the  
-10+12 mesh p a r t i c l e s  as  i n  the  conventional ana lys i s .  We th ink  t h a t  the  missing 
calcium oxide occurs as  c a l c i t e  i n  the  c l e a t  of t he  coa l ,  along which f r a c t u r e  
occurs  i n  c rush ing  and s i ev ing ,  r e s u l t i n g  i n  i t s  concent ra t ion  i n  t h e  f i n e r  s i e v e  
f r ac t ions .  Presence of p l a t e s  of c a l c i t e ,  about 10 ym t h i c k ,  i n  t h e  c l e a t  
f r a c t u r e s  of the Kentucky No. 9 coal is shown i n  a photomicrograph (F igure  1)  of a 
po l i shed  sec t ion  of coa l  etched by low temperature oxida t ion  t o  expose t h e  
minerals.  I n  the  photomicrograph, only the  Crack normal t o  the  bedding is a c l e a t  
f r a c t u r e ;  t h e  curved cracks a r e  a r t i f a c t s  produced i n  the  prepara t ion  and e tch ing .  

While the  average i r o n  

S imi la r  loss of calcium oxide from the  -10+12 mesh p a r t i c l e s  is  a l s o  ev ident  
with the  Indiana  V I  coa l  (Table 2).  while 90% of the  average 8.34  weight percent  
of calcium oxide i n  t he  ash  of the I l l i n o i s  No. 6 coa l  has been l o s t .  No loss. OK 
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o n l y  a marginal one, is evident  from the  P i t t s b u r g h  No. 8 or Kentucky No. 13 
coa ls .  Nei ther  d id  i t  occur  with t h e  subbituminous B Rosebud coa l  i n  which t h e  
calcium occurs  d ispersed  i n  the  organic  matter, p a r t l y  as carboxylate  and 
(probably)  p a r t l y  as c a l c i t e  from decomposition of calcium carboxylates .  However, 
about  9OX of the  average amount of i r o n  oxide is absent  from t h e  -10+12 mesh 
p a r t i c l e s  of t h i s  coal .  This  is i n  accord with observa t ions  on c o a l  from t h i s  
seam by o ther  i n v e s t i g a t o r s ;  Kuhn et a l .  examined p y r i t e  g r a i n s  i n  coal  ground t o  
pass  a 20-mesh s i e v e  and found t h a t T e r e  unat tached t o  coal.(5) The mean 
diameter  of the  p y r i t e  g r a i n s  was 80 urn. Chadwick e t  a l .  repor ted  t h a t  " p y r i t e  i n  
t h e  coal  occurs p r i n c i p a l l y  as s h e e t s  or f i l m  on v e r t i c a l  f r a c t u r e ,  o r  c leat ,  
s u r f a c e s  ."( 6)  

The d i s t r i b u t i o n s  i n  t h e  Kentucky No. 9 p a r t i c l e s  are shown i n  Figure 2. To 
prepare a p l o t ,  t h e  p a r t i c l e  ana lyses  were arranged i n  the  order  of i n c r e a s i n g  
amount of t h e  component, such as i r o n  oxide and the  cumulative amount of ash  f o r  
t h a t  o rder  was ca lcu la ted .  Note t h a t  a d i f f e r e n t  order  of the  p a r t i c l e s  is 
obtained f o r  each component i n  the ash  of a coal .  The p l o t s  f o r  i r o n  oxide and 
b a s i c  c o n s t i t u e n t s  i n d i c a t e  the  presence of two d i f f e r e n t  populat ions.  one wi th  
i r o n  oxide content  up t o  about 30 weight percent  and the  o ther  from 20 t o  100 
weight percent. It appears  l i k e l y  t h a t  t h e  f i r s t  is from a t t r i t a l  coa l  and 
mixtures  of a t t r i t a l  coa l  and v i t r a i n ,  and t h e  second mainly from v i t r a i n  only.  
V i t r a i n  is recognized a s  sh iny  black l a y e r s  or l enses  i n  the  coa l  t h i c k e r  t h a n  0.5 
mm, and is a t t r i b u t e d  t o  the  c o a l i f i c a t i o n  of r e l a t i v e l y  l a r g e  fragments of wood 
and bark. Thus it is almost  e n t i r e l y  f r e e  of p a r t i c l e s  of minerals  except those ,  
such as p y r i t e ,  t h a t  a r e  deposi ted from i n f i l t r a t i n g  s o l u t i o n s  or a r e  present  i n  
the  woody p lan t .  A l t e r n a t i v e l y ,  it is p o s s i b l e  t h a t  the  i ron-r ich p a r t i c l e s  
conta in  p y r i t e  of a bedding layer  ad jacent  t o  v i t r a i n ;  however, t h i s  appears  
un l ike ly ,  as the ash i n  t h e s e  p a r t i c l e s  ranges only from 2.3 t o  10.0 weight 
percent .  

The d i s t r i b u t i o n s  i n  l a r g e r  and smaller p a r t i c l e s  than the  -10+20 mesh a l s o  
should be considered.  I n  genera l ,  t h e  d i s t r i b u t i o n  is expected t o  become wider  
( g r e a t e r  devia t ion  from t h e  average)  a s  p a r t i c l e  s i z e  decreases;  and, f o r  example, 
t h e  number of p a r t i c l e s  with a s i n g l e  l a y e r ,  whether a t t r i t a l  coa l  or v i t r a i n ,  
increases .  The oppos i te  may be t r u e  of l a r g e r  p a r t i c l e s ,  but  not i f  the s i z e  of 
p a r t i c l e s  is less than t h a t  of the predominant width of layers .  Ashes of 
ind iv idua l  -4+5 mesh p a r t i c l e s  of t h e  Kentucky No. 9 c o a l  a r e  shown i n  t h e  
photograph of Figure 3. Large d i f f e r e n c e s  i n  the  i r o n  content  of the  ash  is 
ind ica ted  by the  white  o r  gray appearance of some. which have l i t t l e  o r  no i r o n ,  
i n  c o n t r a s t  t o  o t h e r s  t h a t  a r e  very dark because of t h e  presence of hemat i te  from 
p y r i t e .  This sugges ts  t h a t  the  d i s t r i b u t i o n  of i r o n  i n  -4+5 mesh p a r t i c l e s  does 
not  d i f f e r  much from t h a t  of the  -10+12 mesh p a r t i c l e s .  

D i s t r i b u t i o n s  i n  t h e  p a r t i c l e s  of t h e  P i t t s b u r g h  No. 8, Kentucky NO. 13, and 
Rosebud c o a l  (except f o r  bas ic  c o n s t i t u e n t s )  a r e  shown i n  F igures  4 ,  5, and 6. 
D i s t r i b u t i o n s  i n  the  p a r t i c l e s  of t h e  I l l i n o i s  No. 6 and Indiana V I  c o a l s  were 
s i m i l a r  t o  those of t h e  Kentucky No. 13. 

When a knowledge of j e t  temperatures  and a c o r r e l a t i o n  between composi t ion,  
temperature ,  and agglomerating tendency becomes a v a i l a b l e  i n  the  f u t u r e ,  t h e  
d i s t r i b u t i o n s  w i l l  i n d i c a t e  how much of t h e  ash ,  a f t e r  burnoff of t h e  char ,  is 
immediately a v a i l a b l e  f o r  agglomeration - t h a t  is, without need f o r  combination 
wi th  the  ash of a d i f f e r e n t  p a r t i c l e .  A t  p resent ,  i t  is est imated t h a t ,  i n  t h e  
absence Of more than about 2 weight percent  of calcium oxide,  ash  wi th  i r o n  oxide 
conten ts  from about 20 t o  80 weight percent  may f a l l  i n  t h i s  category.  This  upper 
l i m i t  is expected t o  decrease  with decreas ing  s i l ica- to-alumina r a t i o  and 
increas ing  magnesia conten t ,  according t o  phase diagram considerat ions.(Z)  

A summary of the  d i s t r i b u t i o n  of i r o n  oxide i n  t h e  ash of t h e  -10+12 mesh 
p a r t i c l e s  is presented i n  Table 3 f o r  the  e a s t e r n  bituminous coa ls ,  toge ther  wi th  
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t h e  average i r o n  oxide  content.  
t h a t  used h e r e ,  agglomerated without d i f f i c u l t y  i n  U-GAS p i l o t  p lan t  t e s t s  with 
bed temperatures a t  about 1870'F. 
h igher . )  The p a r t i c l e  ana lyses  of t h i s  c o a l  show 59% of t h e  ash t o  have 0 t o  20 
weight percent  Fe203 and 38% t o  have 20 t o  80 weight percent  Fe 0 . 
a s h  of t h e  P i t t s b u r g h  No. 8 coal has an average Fe203 content  o t  31.7 weight 
percent ,  much h i g h e r  than t h a t  of the  ash of the  Kentucky No. 9, i t s  f r a c t i o n  of 
a s h  in  t h e  20 t o  80 weight percent Fe203 range is much lower,  only 10%. 
suggests t h a t  t h e  a s h  of t h e  P i t t sburgh  c o a l  should agglomerate more slowly, but 
i t s  rea l  s i g n i f i c a n c e  has not been determined a s  y e t .  The same is t r u e  of t h e  
Indiana V I  c o a l ,  whose t o t a l  ash has s u f f i c i e n t  i r o n ,  15.7 weight percent Fe203, 
f o r  agglomeration a l though very l i t t l e  f a l l s  i n  t h e  20% t o  80% range. 
Kentucky No. 13 and I l l i n o i s  No. 6 coa ls  probably have i n s u f f i c i e n t  i r o n  f o r  
agglomeration of t h e i r  a s h ,  but i n  t h i s  c a s e  the  a s h  conten t  of t h e  bed i n  a 
g a s i f i e r  can be allowed t o  r i s e  t o  such a n  ex ten t  t h a t  very l i t t l e  carbon is 
ungasif  i ed .  

Ash of Kentucky No. 9 c o a l ,  from the  same mine as 

(Temperatures i n  t h e  j e t  a r e  s u b s t a n t i a l l y  

Although t h e  

This  

The 

Table  3. SUMMARY OF DISTRIBUTION OF Fe O3 I N  -10+12 MESH PARTICLES 
OF EASTERN BITUMINO~S COALS 

Avg. Fe 0 0-20% Fe203 2 0 4 0 %  Fe203 80-100% Fe203 
Coal content: ?t x ~ % of ash  

Kentucky No. 9 19.9 59 
P i t t s b u r g h  No. 8 31.7 61 
Kentucky No. 13 8.1 95 
I l l i n o i s  No. 6 10.7 93  
Indiana V I  15.7 96 

38 
10 
5 
5 
4 

3 
29 
0 
2 
0 

CONCWSIONS 

The d i s t r i b u t i o n  of a s h  compositions i n  s i n g l e  p a r t i c l e s  of c o a l  fed t o  
f l u i d i z e d  bed g a s i f i e r s  governs the  amount and p a r t i c l e  s i z e  of low-melting ash  
immediately a v a i l a b l e  a s  agglomerating medium a f t e r  burnoff of char from t h e  
p a r t i c l e s .  We have i n v e s t i g a t e d  the  d i s t r i b u t i o n  i n  the  1/4-inch top s i z e  c o a l  
from s e v e r a l  sources  by chemical a n a l y s i s ,  f o r  ash  conten t  and calcium and i r o n  
oxides conten t  of t h e  ash ,  of 32 p a r t i c l e s  of the  -10+12 mesh f r a c t i o n s  of t h e  
coa ls .  The d i s t r i b u t i o n s ,  though probably not very a c c u r a t e ,  show s u b s t a n t i a l  
d i f f e r e n c e s  among t h e  c o a l s  t h a t  were i n v e s t i g a t e d .  For example, much of t h e  
calcium oxide of t h e  c o a l ,  as shown by t h e  convent iona l  a n a l y s i s  f o r  major and 
minor oxides ,  was missing from a Kentucky No. 9 seam coal  and from an I l l i n o i s  No. 
6 seam c o a l ;  t h e  l o s s  was a t t r i b u t e d  t o  t h e  presence of c a l c i t e  i n  the  c l e a t  of 
t h e  coa ls ,  r e s u l t i n g  i n  i t s  a t t r i t i o n  from the  p a r t i c l e s  i n  crushing and o t h e r  
handling. P y r i t e  i n  the  c l e a t  was s i m i l a r l y  l o s t  from p a r t i c l e s  of some of t h e  
c o a l s .  Other d i f f e r e n c e s  i n  d i s t r i b u t i o n  were a l s o  e v i d e n t ;  t h e  Kentucky No. 9 
c o a l  had a s u b s t a n t i a l  amount of ash with f e r r i c  oxide content between 20 and 80 
weight percent  whereas a P i t t s b u r g h  No. 8 coal  from Ohio had l i t t l e  of t h i s ,  
al though i ts  average  i r o n  oxide content w a s  much h igher .  

Etching by oxygen plasma of l-1/2-inch p ieces  of the  Kentucky No. 9 c o a l ,  
sec t ioned  normal t o  t h e  bedding and l i g h t l y  pol i shed ,  furn ished  a s t r i k i n g  d i s p l a y  
of the prevalence of  minerals i n  the  a t t r i t a l  l a y e r s  of c o a l  and i t s  v i r t u a l  
absence i n  v i t r a i n ,  except t h a t  the presence of t h i n  p l a t e s  of c a l c i t e  i n  the  
c l e a t  of t h e  v i t r a i n  vas c l e a r l y  evident.  
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APPEWDIX 

Method of Analysis  of  S ingle  P a r t i c l e s  

Thirty-two c o a l  p a r t i c l e s  were randomly s e l e c t e d ,  and i n d i v i d u a l l y  ashed 
The boats  were s p e c i a l l y  overnight  (16 t o  20 hours)  in small Pt-5% Au boats .  

f a b r i c a t e d  f o r  t h i s  experiment by c u t t i n g  a 0.006-inch t h i c k  Pt-5% Au c r u c i b l e  
i n t o  10 X 10 mm squares  and fo ld ing  up a l l  s i d e s  t o  form boxes in t h e  shape of 
cubes. A Cahn automatic  e l e c t r o b a l a n c e  Model 25 was employed t o  obta in  the  
p a r t i c l e  and ash  weights .  
10 m l  volumetr ic  f l a s k  t o  which 5 m l  of 6N HC1 was then  added. The f l a s k s  were 
heated on a hot  p l a t e  t o  the  b o i l i n g  point  u n t i l  the  reddish  co lor  of t h e  oxid ized  
i r o n  from t h e  ashed p a r t i c l e  s o l i d s  had disappeared.  Cesium chlor ide  and 
lanthanum c h l o r i d e  s o l u t i o n s  were added t o  t h e  volumetr ic  f l a s k  t o  o b t a i n  a f i n a l  
concent ra t ion  of 1000 mgll and 2500 mgll ,  r e s p e c t i v e l y ,  as t h e  metal. The 
volumetr ic  f l a s k  was then d i l u t e d  t o  volume us ing  double-d is t i l l ed  water. 
volume of t h e  Pt-Au c r u c i b l e  d id  not c o n t r i b u t e  any s i g n i f i c a n t  volume t o  the 
so lu t ion .  The s tandards  were d i l u t e d  from commercially obtained s tock  s o l u t i o n s  
of i r o n  and calcium, and were made t o  conta in  Cs,  L a  and H C 1  matr ices  t h e  same a s  
those of the  samples. Both i r o n  and calcium were determined by atomic absorp t ion  
spectrophotometry u s i n g  a Perkin-Elmer 305B double beam instrument .  

An observat ion was made t h a t  t h e  coal  p a r t i c l e s  were not completely des t royed  

The c r u c i b l e  p lus  a s h  was dropped i n t o  an acid-cleaned 

The 

by the  ashing and a c i d  t reatment .  Subsequent ly ,  the  r e s i d u a l  s o l i d s  of the f i r s t  
coal  analyzed were c o l l e c t e d  and analyzed by X-ray f luoresence  spectrophotometry 
u t i l i z i n g  a P h i l l i p s  3100 X-ray genera tor  and a PW1410 X-ray spectrometer .  
was found to be the major c o n s t i t u e n t .  I ron and calcium were found i n  t r a c e  
q u a n t i t i e s ,  however t h e i r  q u a n t i t i e s  were n e g l i g i b l e  i n  comparison w i t h  those 
determined by HC1 leaching .  

S i l i c a  

LTA Etching 
. . ?  

Pieces  of coal  about 1-112-inch i n  s i z e  were c u t  across  the bedding, and t h e  
r e s u l t i n g  s e c t i o n  w a s  l i g h t l y  pol ished and cemented t o  a 1 X 2-inch g l a s s  s l i d e .  
A p a r a l l e l  cu t  was made t o  o b t a i n  a s e c t i o n  118- t o  114-inch th ick ;  t h e  top 
s u r f a c e  was pol ished by t h i n  s e c t i o n  techniques to  a f i n a l  p o l i s h  wi th  1000 g r i t  
diamond impregnated on a metal disc .  

After  drying i n  a vacuum oven the  s e c t i o n  was exposed f o r  per iods of 15 
minutes t o  a n  hour i n  an oxygen-plasma LTA asher .  

PAPImason-pap 
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Figure 1. PHOTOMICROGRAPH OF LTA ETCHED KENTUCKY NO. 9 COAL 
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Figure 3. ASH FRCM -4t5 MESH PARTICLES OF KENTUCKY NO. 9 COAL 

Figure 4 .  D I S T R I B U T I O N  OF B A S I C  OXIDES I N  PARTICLES OF PITTSBURGH NO. 8 COAL 
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IMPROVED METHODS FOR DETERMINATION OF FERROUS SULFIDES I N  COAL CHARS 

S. S. Chao, D. M. Mason, and A. A t t a r i  

I n s t i t u t e  of G a s  Technology, 3424 S. S t a t e  S t . ,  Chicago, I L  60616 

INTRODUCTION 

A fundamental research  i n v e s t i g a t i o n  of t h e  behavior  of minera l  mat te r  i n  
f l u i d i z e d  bed g a s i f i c a t i o n  of coa l  is i n  p rogress  a t  IGT under a program l a r g e l y  
supported by t h e  U.S. Department of Energy. S p e c i a l  a t t e n t i o n  has been focused on 
t h e  g a s i f i c a t i o n  of high s u l f u r  and high i r o n  c o n t a i n i n g  c o a l s ,  and the  mechanism 
of ash agglomerat ion which f a c i l i t a t e s  the s e l e c t i v e  removal of ash  from a r e a c t o r  
bed without  l o s s  of unacceptable  amounts of char carbon. 

S u l f u r  occurs  i n  c o a l  mineral  mostly as i r o n  d i s u l f i d e s ,  mainly p y r i t e  with 
some marcasi te .  The d i s u l f i d e s  quick ly  decompose t o  p y r r h o t i t e s  (Fe S )  and 
hydrogen s u l f i d e  i n  t h e  char r ing  process  wi th  a n  i n e r t  atmosphere o r ( k x i h e  
absence of a i r  (1-3). The same t ransformat ion  was a l s o  observed when t h e  c o a l ,  
e s p e c i a l l y  bi tuminous c o a l ,  is  fed  i n t o  t h e  f l u i d i z e d  bed of a g a s i f i e r  t y p i c a l l y  
a t  about 1850-F ( 4 ) .  The r e s u l t i n g  p y r r h o t i t e s  may p a r t l y  t ransform t o  t r o i l i t e  
(FeS) on c o o l i n g  t o  room temperature .  

It  has been noted t h a t  f e r r o u s  s u l f i d e s ,  e s p e c i a l l y  p y r r h o t i t e ,  p lay  a 
v a r i e t y  of impor tan t  roles i n  coa l  conversion processes .  Thei r  p o s s i b l e  
c a t a l y t i c a l  a c t i v i t y  i n  c o a l  l i q u e f a c t i o n  ( 5 )  and c o a l  g a s i f i c a t i o n  (6 ,7)  was 
repor ted  r e c e n t l y .  In our p i l o t  p l a n t  s t u d i e s  we have o c c a s i o n a l l y  found t h a t  
f e r r o u s  s u l f i d e  may p lay  an independent r o l e  i n  agglomerat ion,  a c t i n g  as a b inding  
medium between s h a l e  p a r t i c l e s  i n  the  bed when run-of-mine c o a l  is fed  (Fig.1) 
( 4 ) .  Under some circumstances,  f e r r o u s  s u l f i d e  has formed d e p o s i t s  i n  t h e  hot 
cyclone, which , re turns  e n t r a i n e d  char  p a r t i c l e s  t o  t h e  bed. I n  order  t o  b e t t e r  
understand t h e i r  f u n c t i o n s  i n  coa l  conversion,  an a c c u r a t e  q u a n t i t a t i v e  method f o r  
f e r r o u s  s u l f i d e s  de te rmina t ion  is needed. 

Mossbauer spectroscopy has been employed aa a u s e f u l  method f o r  t h e  semi- 
q u a n t i t a t i v e  de te rmina t ions  of var ious  i ron-conta in ing  s p e c i e s  inc luding  f e r r o u s  
s u l f i d e s  i n  c o a l  chars  and g a s i f i c a t i o n  res idues  (8,9). It 's  accuracy h ighly  
depends upon t h e  complexi ty  of t h e  Mossbauer s p e c t r a  and t h e  concent ra t ion  l e v e l  
of fe r rous  s u l f i d e s . ( l O )  The major disadvantage of t h i s  method is t h a t  i t  can not 
d e t e c t  non-iron conta in ing  s u l f i d e  s p e c i e s ,  such a s  calcium s u l f i d e .  

X-ray d i f f r a c t i o n  spectroscopy has a l s o  been used t o  ana lyze  t h e  mineral  
conten ts  of c h a r s  and res idues .  But, i t ' s  u t i l i t y  i n  t h e  a n a l y s i s  of non- 
s t o i c h i o m e t r i c  f e r r o u s  s u l f i d e s  is o f t e n  l i m i t e d  t o  t h e  q u a l i t a t i v e  de te rmina t ion ,  
because t h e s e  s u l f i d e s  may or may not be present  i n  c r y s t a l l i n e  forms and t h e i r  x- 
ray  s p e c t r a  is o f t e n  complicated and obscured by t h e  s p e c t r a  of o t h e r  major 
minerals .  

I n  t h e  p a s t  I G T  has  developed a wet chemical  method, involv ing  de termina t ion  
of hydrogen s u l f i d e  evolved by t r e a t i n g  a sample wi th  6N hydrochlor ic  ac id .  
Although t h i s  method w a s  s u c c e s s f u l l y  employed t o  determine t h e  s u l f i d e  s u l f u r  
conten ts  of c h a r s  prepared a t  170O0F and g a s i f i c a t i o n  res idues  t h a t  had been 
subjec ted  t o  h i g h e r  temperature ,  it was found t o  be u n s a t i s f a c t o r y  when appl ied  t o  
f e r r o u s  s u l f i d e - r i c h  coa l  chars  prepared a t  1400'P f o r  use  as feed  f o r  
g a s i f i c a t i o n .  I n  most of cases  only  a f r a c t i o n  of s u l f u r  from f e r r o u s  s u l f i d e  
( s u l f i d e  s u l f u r )  could be recovered a s  hydrogen s u l f i d e .  The c a l c u l a t e d  t o t a l  
s u l f u r  of t h e s e  chars  from s u l f i d e  s u l f u r ,  p y r i t i c  s u l f u r  and o r g a n i c  s u l f u r  is 
u s u a l l y  5 t o  20% lower than the  t o t a l  s u l f u r  determined by t h e  Eschka method, 
depending on t h e  types  of f e r r o u s  s u l f i d e s  present  and t h e i r  concent ra t ion .  
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I n  the sea rch  of a more accu ra t e  method, we have re -eva lua ted  a number of 
p o t e n t i a l  e x i s t i n g  methods and developed a few new methods f o r  f e r r o u s  s u l f i d e s  
ana lys i s .  The moat success fu l  method uses  a reducing  agent  t o  enhance t h e  
recovery of f e r r o u s  s u l f i d e  as hydrogen s u l f i d e  i n  a hydroch lo r i c  ac id  evo lu t ion  
procedure. Resu l t s  from t h e  ana lyses  of s i x  1400°F c o a l  cha r s  u s ing  d i f f e r e n t  
methods a r e  presented  and d iscussed .  

EXPERIMENTAL 

Two model coa l  char compounds synthes ized  from high  p u r i t y  carbon p l u s  a 
composite 1400'F coa l  char sample were prepared f o r  t h e  i n i t i a l  s tudy  of t h e  ' 

recovery of s u l f i d e  s u l f u r  dur ing  hydroch lo r i c  ac id  d iges t ion .  The f i r s t  model 
c o n s i s t s  of t r o i l i t e  and the  second a n a t u r a l  p y r r h o t i t e .  Using an  ac id -evo lu t ion  
t r a i n ,  t h e  e f f i c i e n c i e s  of hydrogen s u l f i d e  evo lu t ion  were examined f o r  t hese  
t h r e e  samples at  fou r  hydrochlor ic  ac id  concen t r a t ions  (1 ,2 ,4  and 6 normal) w i th  
and wi thout  t he  add i t ion  of t he  reducing  agent ,  s tannous  ch lo r ide .  The hydrogen 
s u l f i d e  evolved was c o l l e c t e d  i n  an  a l k a l i n e  t r a p  composed of 10% cadmium c h l o r i d e  
i n  water and subsequently determined by an iodometr ic  method wi th  t h i o s u l f a t e  back 
t i t r a t i o n .  The hydrochlor ic  ac id  e x t r a c t  was then  f i l t e r e d  and ana lyzed  by a tomic  
abso rp t ion  method f o r  the  HC1-soluble i ron .  The r e s idue  c o l l e c t e d  was examined by 
an x-ray d i f f r a c t i o n  spec t roscopic  (XRD) method f o r  t h e  amount of f e r r o u s  s u l f i d e  
l e f t  i n t a c t .  

For the  composite coa l  char ,  a complete sulfur-by-types a n a l y s i s  w a s  also 
c a r r i e d  out t o  check the  s u l f u r  maas balance.  A modified method of ASTM D-2492 
procedure f o r  forms of s u l f u r  i n  coa l  was employed t o  ana lyze  t h e  s u l f a t e ,  
p y r i t i c ,  o rganic ,  and t o t a l  s u l f u r .  The s u l f a t e  s u l f u r  was determined by a 
g rav ime t r i c  method as barium s u l f a t e .  The p y r i t i c  s u l f u r  was c a l c u l a t e d  from t h e  
concen t r a t ion  of p y r i t i c  i r o n  found i n  the  d i l u t e  n i t r i c  a c i d  e x t r a c t  of t h e  
r e s idues ,  which was determined by an atomic abso rp t ion  method. The o rgan ic  s u l f u r  
was determined by d iges t ing  the  r e s idue  from t h e  d i l u t e  n i t r i c  a c i d  d i g e s t i o n  wi th  
concent ra ted  n i t r i c  ac id  and ana lyz ing  the  r e s u l t i n g  s u l f a t e  as barium s u l f a t e  
g rav ime t r i ca l ly .  The t o t a l  s u l f u r  was determined by the  Eschka method. 

I n  the  course  of a g a s i f i c a t i o n  i n v e s t i g a t i o n ,  f i v e  coa l  cha r s  were prepared  
a t  1400°F i n  a 4-inch d iameter  d e v o l a t i l i z e r  purged wi th  n i t rogen  from washed 
bituminous coa l s  wi th  1/4-inch top  s i z e .  The r e s idence  t ime of t he  f eed  coa l  at  
1400'F w a s  approximately 30 minutes. 
was used t o  prepare  the  s i x t h  coa l  char.  A l l  samples were ground t o  about  325 
mesh and analyzed f o r  t h e i r  conten ts  of s u l f i d e  s u l f u r ,  r e s i d u a l  s u l f u r ,  6N HC1- 
s o l u b l e  i r o n  and t o t a l  i ron .  Both the  r e s i d u a l  s u l f u r  and t o t a l  s u l f u r  were 
determined by t h e  Eschka method. The l N ,  1.6N (5%) and 2N HC1-soluble i r o n  were 
a l s o  determined s e p a r a t e l y  and used t o  c a l c u l a t e  the s u l f i d e  s u l f u r  con ten t .  

A -200 mesh f r a c t i o n  of Kentucky No. 9 c o a l  

A P h i l i p s  v e r t i c a l  goniometer and a copper x-ray source  were employed f o r  t h e  
x-ray d i f f r a c t i o n  a n a l y s i s  of a l l  c o a l  char  samples. 
i r o n  s u l f i d e s  was determined us ing  potassium ch lo r ide  a s  an  i n t e r n a l  s tandard .  
The d i f f r a c t i o n  peak a t  a 2 t he t a  angle  of about 43.3 degree was used f o r  the  
q u a n t i t a t i o n .  
t he  complex peaks,  measuring t h e i r  p r e c i s e  d-spacings at  t h e  102 c r y s t a l  p lane  and 
consequently e s t ima t ing  the  i ron  conten t  of va r ious  hexagonal p y r r h o t i t e s  (11).  

A Ranger S c i e n t i f i c  MS-900 Mossbauer spec t rometer  w i th  a 5 mC1 Co-57 source  
was used t o  acqu i r e  Mossbauer spec t r a  of a l l  char  samples. The r e l s t 6 v e  
percentage  of s u l f i d e  i r o n  i n  t o t a l  i r o n  a s  f e r r o u s  s u l f i d e s  was measured by a 
s p e c t r a l  s u b t r a c t i o n  technique. 
char  was ca l cu la t ed  by mul t ip ly ing  the  t o t a l  i r o n  percentage  of c o a l  cha r  by t h e  
r e l a t i v e  percentage  of s u l f i d e  i r o n  and a S/Fe convers ion  f a c t o r  of 0.574. 

The t o t a l  concen te s t ion  of 

The same peak was a l s o  p r o f i l e - f i t t e d  i n  an  a t tempt  t o  deconvolu te  

The concen t r a t ion  of s u l f i d e  s u l f u r  i n  each c o a l  
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RESULTS AND DISCUSSION 

Figure 2 r e p r e s e n t  t h e  e f f e c t s  of hydrochlor ic  a c i d  and t h e  reducing agent ,  
s tannous c h l o r i d e ,  on t h e  recovery of s u l f i d e  s u l f u r  by the  descr ibed  e v o l u t i o n  
method. By comparison of t h e  mole r a t i o s  of s u l f i d e  s u l f u r  t o  HC1-soluble i r o n ,  
w e  found t h a t  t h e  t r o i l i t e  (FeS) could be e a s i l y  decomposed t o  hyrogen s u l f i d e  and 
determined q u a n t i t a t i v e l y .  However, p y r r h o t i t e  was not completely converted t o  
hydrogen s u l f i d e  even though a l l  f e r r o u s  s u l f i d e s  would be completely decomposed 
i n  hydrochlor ic  a c i d  wi th  a concent ra t ion  h igher  than 2 normal aa i n d i c a t e d  by XRD 
a n a l y s i s  of t h e  d i g e s t e d  r e s i d u e , ' u n l e s s  a s u i t a b l e  reducing agent ,  such a s  
s tannous  c h l o r i d e ,  was present .  We be l ieve  t h a t  p y r r h o t i t e  is p a r t i a l l y  degraded 
t o  e lementa l  s u l f u r  i n  t h e  hydrochlor ic  ac id  medium as t h e  fo l lowing  equat ion .  
The s tannous c h l o r i d e  and p o s s i b l e  Other reducing agents  may i n h i b i t  t h i s  
compet i t ive d e g r a d a t i o n  mechanism, conver t ing  a l l  s u l f i d e  s u l f u r  t o  hydrogen 
s u l f i d e .  

Fe(l-x)S + 2 (1-x) HC1 L> (1-x) FeC12 + (1-x) HZS + S o  

The r e s u l t s  i n  Table  1 i n d i c a t e  t h a t  a good s u l f u r  mass balance was obta ined  
when 10% o r  more s tannous  c h l o r i d e  was used. The i n s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  c a l c u l a t e d  t o t a l  s u l f u r  of 2.02% and 2.05% while  us ing  4N and 6N H C 1  
r e s p e c t i v e l y  s u g g e s t s  t h a t  e i t h e r  concent ra t ion  is adequate  f o r  e f f e c t i v e  hydrogen 
s u l f i d e  evolu t ion .  The v a r i a t i o n  of t h e  mole r a t i o s  of s u l f i d e  s u l f u r  t o  H C 1  
s o l u b l e  i r o n  i n  the  same t a b l e  f u r t h e r  confirms t h a t  s tannous  c h l o r i d e  d e f i n i t e l y  
promotes t h e  hydrogen s u l f i d e  evolut ion.  The s u l f i d e  s u l f u r  c a l c u l a t e d  from 2N 
HC1-soluble i r o n  provides  good agreement with t h e  determined s u l f i d e  s u l f u r  u s i n g  
s tannous  c h l o r i d e .  This  method could be used a s  a quick method t o  determine t h e  
s u l f i d e  s u l f u r  i n  c o a l  char ,  provided t h a t  t h e r e  a r e  l i t t l e  o t h e r  types  of HC1- 
s o l u b l e  i r o n ,  such as i r o n  oxides .  i r o n  s u l f a t e s ,  i l l i t es  and c h l o r i t e s ,  p resent  
i n  t h e  sample. 

Table  1. Sulfur-by-types a n a l y s i s  of a composite 1400°F Coal Char 

Diges t ion  Acid 4N HC1 4N HC1 6N H C 1  
Promoting Agent 4N HC1 10% SnC1, 20% SnC1, 6N H C 1  10% SnCl? 

S u l f a t e  S u l f u r  X <0.01 <0.01 <0.01 <0.01 
S u l f i d e  S u l f u r  % .66 1.04 1.07 .74 1.04 
P y r i t i c  S u l f u r  % .06 .05 .06 .04 
Organic  S u l f u r  % 1.06 .93 1.05 .97 
T o t a l  S % ( c a l c . )  1.78 2.02 1.85 2.05 
T o t a l  S X (de tn . )  2.09 2.09 2.09 2.09 

HC1 Soluble  Fe Z 1.81 1.84 1.86 1.92 1.88 
S/Fe Mole R a t i o  .64 .98 1.00 .67 .96 

2N HC1-Soluble Fe 1.81 1 .E4 1.86 1.92 1.88 
S u l f i d e  S % 1.05 1.07 1.08 1.11 1.09 
( c a l c .  from Fe) 

We found a l s o  t h a t  t h e  organic  s u l f u r  c o n t e n t s  determined i n  t h e  procedure 
without  s tannous  c h l o r i d e  a r e  h igher  t h a n  those  found i n  the  procedure w i t h  
s tannous  c h l o r i d e .  T h i s  is probably because t h e  elemental  s u l f u r ,  formed dur ing  
t h e  h y d r o c h l o r i c  a c i d  d i g e s t i o n ,  may be p a r t i a l l y  a s s o c i a t e d  with t h e  s o l i d  
r e s i d u e  and recovered as organic  s u l f u r  i n  t h e  subsequent  concent ra ted  n i t r i c  a c i d  
d i g e s t i o n .  This  i n d i c a t e s  t h a t  t h e  a c i d  e v o l u t i o n  method wi thout  s tannous  
c h l o r i d e  is l i k e l y  t o  g i v e  a high e s t i m a t i o n  of organic  s u l f u r  i n  char  i n  a d d i t i o n  
t o  a low q u a n t i t a t i o n  of s u l f i d e  s u l f u r .  
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Table  2 p re sen t s  t he  concen t r a t ions  of s u l f i d e  s u l f u r ,  r e s i d u a l  s u l f u r  and 
t o t a l  s u l f u r  of six coa l  chars .  The t o t a l  s u l f u r  ca l cu la t ed  from t h e  s u l f i d e  and 
r e s i d u a l  s u l f u r  was aga in  found t o  agree  w e l l  w i th  the  determined t o t a l  s u l f u r  i n  
a l l  ana lyses  when stannous ch lo r ide  was used i n  t h e  evo lu t ion  procedure.  
r a t i o s  of s u l f i d e  s u l f u r  t o  t h e  HC1-soluble i r o n  d e v i a t e  s i g n i f i c a n t l y  from Unity 
i n  f o u r  ana lyses ,  i nd ica t ing  the  presence  of o t h e r  6N HC1-soluble i r o n  spec ie s  i n  
those  char samples. 
us ing  t h e  percentage  of i r o n  s o l u b l e  i n  l N ,  1.6N (5%) and 2N H C 1  seems t o  be q u i t e  
s a t i s f a c t o r y  i n  most of t he  cases  (Table 3). Fu r the r  s t u d i e s  should  be conducted 
t o  select an optimum hydroch lo r i c  ac id  concen t r a t ion  f o r  t h i s  method. 

The mole 

However, the  quick  method t o  determine the  s u l f i d e  s u l f u r  

Another method, u s ing  t h e  r e l a t i v e  percentage  con ten t  of t h e  s u l f i d e  i r o n  
determined by Mossbauer spec t roscopy and the  t o t a l  i r o n  percentage  i n  cha r  t o  
c a l c u l a t e  t h e  s u l f i d e  s u l f u r ,  was s u c c e s s f u l l y  employed. However, only t h e  
r e s u l t s  of two coa l  cha r  samples with h igh  f e r r o u s  s u l f i d e  conten t  were repor t ed  
i n  Table 3. They agree  q u i t e  we l l  w i th  the  d a t a  r epor t ed  by the  e v o l u t i o n  
method. Grea ter  d i f f i c u l t i e s  were encountered i n  ana lyz ing  the  rest of t h e  
samples because of t h e i r  r e l a t i v e l y  low i r o n  concen t r a t ion  and t h e  presence  of 
var ious  o the r  i r o n  spec ie s .  During t h i s  s tudy ,  w e  found t h a t  p y r r h o t i t e s  
(Fe(l-x)S) wi th  vary ing  s to i ch iomet r i c  q u a n t i t y  of s u l f u r  may g ive  d i f f e r e n t  
Mossbauer s p e c t r a ,  render ing  t h e  Mossbauer s p e c t r a l  s u b t r a c t i o n  technique  
inaccura t e ,  e s p e c i a l l y  when no s u i t a b l e  p y r r h o t i t e  s t anda rds  were a v a i l a b l e .  

Table 2. Determination of s u l f i d e  s u l f u r  of 1400'F coa l  cha r s  u s i n g  
* 

HC1 evo lu t ion  method 

S u l f i d e  Res idua l  To ta l  S X 
1400 OF C o a l  Char S X S X  (Calc)  (Detn.) 

Kentucky No. 9 
(wi th  SnCIZ) .90 1.38 2.28 2.50 
(w/o SnC12) .57 1.53 2.10 

Kentucky No. 9 (prepared from -200 
(with SnC12) .74 

(with SnC12) 2.11 

(w/o SnC12) .24 

P i t t sbu rgh  No. 8 

(w/o SnC12) 1.70 

Kentucky No. 13 
(wi th  SnC12) .30 

(w/o SnC12) .04 

nesh coa l  f i n e s )  
.30 2.04 2.14 
.35 1.59 

.90 3.01 2.96 

.12 2.82 

.68 .98 1.02 

.85 .89 

I l l i n o i s  No. 6 
(wi th  SnC12) 1.44 1.35 2.79 2.79 

(w lo  SnC12) .87 1.61 2.48 

Rosebud 
(wi th  SnC12) .56 .74 1.30 1.33 

(w lo  SnC12) .30 .93 1.23 

HC1-Soluble S/Pe 
Fe X (Mole) 

2.00 -78 
1.97 

1.65 .78 
1.64 

3.76 .98 
3.70 

.60 -87 

.60 

2.46 1.02 
2.40 

1.20 .81 
1.18 
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Table 3. Comparison of methods f o r  s u l f i d e  s u l f u r  a n a l y s i s  
of 14OOOF Coal Chars 

S u l f i d e  S % ( c a l c u l a t e d )  
S u l f i d e  S % (determined)  From From HC1-soluble Fe 

1400 OF Coal  Char w/o SnCl, with SnC1, Mossbauer (1N) (1.6N (2N) (6N) 

Kentucky No. 9 .57 .90 ND .87 .80 .88 1.13 

Kentucky No. 9 .24 .74 ND .76 .81 -84 -94  
(-200 mesh c o a l )  

P i t t s b u r g h  No. 8 1.70 2.11 2.07 2.08 2.05 1.98 2.12 

Kentucky No. 13 .04 .30 ND .30 .30 .30 .34 

I l l i n o i s  No. 6 .87 1.44 1.41 1.35 1.37 1.33 1.38 

Rosebud .30 .56 ND .61 .60 .57 .68 

NOTE: ND - not  determined. 

No r e s u l t s  from XRD a n a l y s i s  were repor ted  a t  t h i s  time. The q u a n t i t a t i v e  
method us ing  potassium c h l o r i d e  a s  an i n t e r n a l  s tandard  gave erroneous r e s u l t s  
because no e f f e c t i v e  method was developed y e t  t o  r e s o l v e  and q u a n t i t a t e  the  broad 
and deformed x-ray peak corresponding t o  d i f f r a c t i o n s  a t  t h e  c r y s t a l  102 planes  of 
var ious  f e r r o u s  s u l f i d e s .  
i t s e l f  f u r t h e r  complicates  t h e  XRD s p e c t r a .  I n  order  t o  achieve b e t t e r  accuracy  
i n  the  q u a n t i t a t i v e  measurement of t o t a l  f e r r o u s  s u l f i d e ,  t h e  s e n s i t i v i t y  of 
d i f f r a c t i o n  from each  of t h e  d i f f e r e n t  f e r r o u s  s u l f i d e s  must a l s o  be determined.  

CONCLUSION 

The even broader  XRD background induced by t h e  char  

A hydrochlor ic  a c i d  e v o l u t i o n  method us ing  s tannous c h l o r i d e  as a promoting 
agent was developed and employed s u c c e s s f u l l y  f o r  f e r r o u s  s u l f i d e s  de te rmina t ion  
i n  1400°F c o a l  char.  
f e r r o u s  s u l f i d e s ,  b u t  a l s o  improves t h e  accuracy of t h e  organic  s u l f u r  a n a l y s i s  of 
c o a l  char. We b e l i e v e  t h i s  method could be and should be employed i n  t h e  s u l f u r -  
by-types a n a l y s i s  of a l l  c o a l  d e r i v a t i v e s  conta in ing  f e r r o u s  s u l f i d e s .  

This method not only provides  a n  accura te  a n a l y s i s  of 

Among o t h e r  methods s t u d i e d ,  t h e  methods us ing  1N. 1.6N (5%) and 2N HC1- 
s o l u b l e  i r o n  t o  c a l c u l a t e  t h e  f e r r o u s  s u l f i d e s  conten t  could be employed t o  
determine t h e  f e r r o u s  s u l f i d e s  conten t  i n  c o a l  char ,  provided t h a t  l i t t l e  o t h e r  
HC1-soluble i r o n  s p e c i e s  a r e  present .  
determine t h e  s u l f i d e  i r o n  concent ra t ion  and atomic a b s o r p t i o n  spectroscopy t o  
determine t h e  t o t a l  i r o n  would be a good technique.  i f  p y r r h o t i t e  s t a n d a r d s  as 
w e l l  a s  o t h e r  i r o n  s t a n d a r d s  resembling t h e  iron s p e c i e s  i n  c o a l  char  were 
found. F u r t h e r  Nossbauer s p e c t r o s c o p i c  s t u d i e s  with temperature  c o n t r o l  may 
provide more informat ion  and may s i m p l i f y  t h e  c u r r e n t  procedure. X-ray 
d i f f r a c t i o n  spec t roscopy a l s o  encounters  a s i m i l a r  problem caused by var ious  
f e r r o u s  s u l f i d e s  w i t h  d i s c r e t e  composition and s t r u c t u r e s .  However, t h e  l a t t e r  
problem is even more s i g n i f i c a n t  and tends t o  be too complex t o  reso lve .  

The method u s i n g  Mossbauer spec t roscopy t o  
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Figure 1. FeS (white) Joining Shale P a r t i c l e s  i n  Bed 
Material  From a Pi lot -Plant  Run on Run-of-Mine C o a l  

.- 
cc - d 0.200- 

0 4.41% TROILITE 
A 2.46% PYRHJTITE 
0 2.45% PYRWOTITE W I T H  SnC12 
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HCI CONCENTRATION, N A87040308p 

Figure 2 .  Recovery of Ferrous Sul f ide  as Hydrogen Sul f ide  in a Hydrochloric 
Acic Evolution Procedure With and Without Stannous Chloride 
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I 

I ABSTRACT 

The eight Argonne Premium Coal Samples were each collected in 
about 1 1/2 ton quantities, placed in steel drums, purged with 

INTRODUCTION 

The Premium Coal Sample Program is intended to provide the basic 
coal research community with the best quality samples of a 
limited number (8) of coals for basic research. The availability 
of the ampoules is the result of the cooperation of many in- 
dividuals within a number of organizations whose efforts made the 
high quality of the samples possible. 

The premium coal samples produced from each coal and distributed 
through this program are chemically and physically as identical 
as possible, have well characterized chemical and physical 
properties, and will be stable over long periods of time. Coals 
have been mined, transported, processed into the desired particle 
and sample sizes and packaged in humid nitrogen environments as 
free of Oxygen as possible. The need for a Premium Coal Sample 
PrTgram was expressed on a number of occasions, culminating in 
the Coal Sample Bank Workshop held March 27 and 28, 1981 in 
Atlanta, Georgia. 

SELECTION OF THE COALS 

Support has been provided by the Office of Basic Energy Sciences 
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to make eight carefully selected coals available. The selection 
of these coals was based on those parameters which would repre 
sent significant differences among the available coals and maxi 
mize our understanding of the fundamental properties of coal. A 
cluster analysis was carried out to establish desirable samples 
in terms of the significant compositional parameters, C, H, 0 and 
S. This was augmented by considerations of maceral content, 
paleobotanic origins, age and coking properties. 

IDENTITY OF SAMPLES AND CHARACTERISTICS 

The coals are listed in the order collected. Preliminam data 
describing the samples are given below. The moisture and ash- 
free values are given in %, except for sulfur and ash which are 
in dry %. 

Seam State Rank 
Upper Freeport PA Med. Vol. Bit. 
Wyodak-Anderson WY Subbituminous 
Illinois #6 IL High Vol. Bit. 
Pittsburgh ( # 8 )  PA High Vol. Bit. 
Pocahontas #3 VA Low Vol. Bit. 
Blind Canyon UT High Vol. Bit. 
Lewiston-Stockton WV Hiqh Vol. Bit. 

C H O  

74 5.1 19 
77 5.7 10 
83 5.8 8 
91 4.7 3 
79 6.0 13 
81 5.5 11 

a7 5.5 4 
S 
2.8 
0.5 
5.4 
1.6 
0.9 
0.5 
0.6 

Ash 
13 
8 
16 
9 
5 
5 

20 
8 Beulah-Zap ND Lignite 73 5.3 21 0.8 6 

COLLECTION AND TRANSPORTATION OF SAMPLES 

The samples were collected from sites selected in cooperation 
with the U. S. Geological Survey. The USGS provided technical 
supervision while a special collection crew from the Pittsburgh 
Testing Laboratory removed the channel-type sample from each of 
the underground sites. Usually a fresh block of coal about 18" 
wide, the thickness of the seam and several feet deep was 
isolated, removed and placed into stainless steel 55 gallon 
drums. Surface samples were placed directly into the drums. The 
drums of coal were placed in a semi-trailer within 1-4 hours from 
the initiation of the sample collection. The drums were then 
purged with enough argon gas to reduce the oxygen content to 100 
ppm by the same truck driver. The drums were pressurized to 5 
psi and taken to Argonne National Laboratory at 42OF, usually 
within 24 hours. 

PREPARATION OF SAMPLES 

The drums were unloaded from the truck, weighed and placed into 
an airlock in a nitrogen-filled processing facility. The oxygen 
content of the facility was maintained below 100 ppm of oxygen, 
and typically was about 30 ppm. After the airlock was purged, 
the drums were opened, and the contents were transferred to a 
crusher, where the sample was reduced to pieces that would pass 
between bars with openings l/ZO* apart. The crushed coal was 
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elevated to the pulverizer where it was ground to pass a 20 mesh 
screen. The entire one-ton batch used for processing was ground 
and accumulated in a 2000 liter mixer-blender. After thorough 
mixing the sample was transferred by a tubular conveyer to a 
second enclosure. About half the batch was transferred to spe- 
cial 5 gallon leverlock pails for transfer back to the initial 
airlock for later repulverizing to -100 mesh. The balance was 
mostly placed into 5 gallon borosilicate glass carboys for long- 
term storage. About 5,000 ampoules containing 10 grams of -20 
samples were sealed with a hydrogen-oxygen torch. The flame was 
kept at the stoichiometric composition with a mass flow 
controller. The half batch that was transferred to the initial 
airlock was pulverized to pass a 100 mesh screen and accumulated 
again in the mixer-blender. After mixing the -100 mesh 
material was transferred to the second enclosure for placing into 
5 gallon borosilicate carboys and into 10,000 ampoules of 5 grams 
of -100 mesh material. The ANL glassblower sealed the carboys 
for long term storage. Samples were taken during the processing 
for homogeneity analyses to establish the uniformity of the 
samples during the processing and sealing. 

>. One of the samples, the Illinois # 6 ,  was taken from the same 
block of coal which was also collected for the Illinois State 
Geological Survey. That sample is known as the Illinois Basin 
Coal Sample Program #5. Larger quantities (1 lb to 50 lbs) of 
that sample may be obtained from the ISGS. 

ANALYSIS OF SAMPLES 
The homogeneity samples were irradiated and the induced radioac- 
tivity of several isotopes was counted to indicate the content of 
each species in the samples. A high degree of uniformity was 
found. 

Additional samples have been submitted for a range of analyses 
including: proximate, ultimate, major and minor elements in the 
ash, heat content, forms of sulfur, maceral analysis, and reflec- 
tance measurements. A large number of laboratories is par- 
ticipating in the analytical studies. 

In order to establish the long term stability of the samples, ad- 
ditional analytical work is done including the evaluation of the 
gas atmosphere inside of the ampoules at two month intervals. 
For the bituminous samples, Gieseler plasticity measurements are 
being made to establish the fluidity at various intervals. To 
date, no indications of oxidation or loss of fluidity have been 
found. 

I 
I 
I' 
1 
I 

DISTRIBUTION OF SAMPLES 

Samples are distributed as 5 gram ampoules of -100 mesh or 10 
gram ampoules of -20 mesh material. Shipments typically involve 
multiples of 6 or 12 ampoules in special cardboard cartons, with 
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added foam padding to increase the probability of safe arr.iva1. 
Orders are sent to the Assistant Controller at ANL, and after 
processing, are filled and shipped by UPS or international air 
courier. A nominal 
charge of $8 (US) is made for the 5 gram ampoules and $16 for the 
10 gram ampoules. International shipments involve an additional 
charge of $20 for a set of six ampoules. 

To date over 89 orders have been filled for more than 3,000 
ampoules. 

Two types of ampoules have become available during processing. 
Initially the ampoules were of a standard type with a gradually 
sloping shoulder to the tip. The "easy-breakll ampoules became 
available later and have been used for the latter coal samples. 
Instructions for opening the ampoules are included with each 
shipment. Appropriate care must be exercised in the opening to 
avoid mixing glass fragments in the coal and to protect the hands 
of the experimenter. 

The importance of mixing must be stressed. All coal samples are 
subject to segregation on standing. It is necessary to remix the 
sample before opening the ampoule. The recommended method is to 
turn the ampoule so that the coal alternately falls into the top 
and then the body of the ampoule. This should be repeated a num- 
ber of times (at least 10). Rolling the ampoule on its side is 
not as effective and should not be relied upon for thorough 
mixing. 

The samples are intended to be used immediately after opening. 
Any unused portion should be discarded, as the original 
properties may change on further storage. 

Order forms may be obtained from the author. 

RESEARCH BEING DONE WITH THE SAMPLES 

The types of research being done with the premium samples in- 
cludes a cross section of the areas of basic and applied coal 
research. Some major areas include: 

Analytical Studies 

A number of analytical studies are being carried out. A direct 
measurement of organic sulfur by examination of a number of in- 
dividual coal particles by reflected radiation is being 
developed. The initial results indicate that the sulfur content 
of a given maceral may be different than the parent coal but is 
similar from one maceral particle to another particle of the same 
maceral. A direct measurement of oxygen is being developed by 
the use of fast neutron activation, and direct counting of .the 
induced oxygen activity. Corrections are made €or oxygen present 
in the moisture and mineral matter. Several groups are working 
to establish the relative amounts of the different macerals in 
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the coal and to separate these macerals. Another group is study- 
ing the occurrence of sodium and chloride in the coal to estab- 
lish the forms in which it may be bound. Still others are using 
some of the newer instruments, such photoacoustic FTIR to under- 
stand the functional groups present in the coal and near the 
surface. Plasma excitation is being studied to establish the 
species produced by this technique. Trace element geochemistry 
is being used to evaluate the relative amounts of the trace ele- 
ments and to correlate the occurrence of these elements with 
other factors. One researcher is comparing the carbon found in 
coal with that found in meteorites. 

Physical Properties 

The heat capacities of the samples over a range of temperatures 
are being studied with fresh and aged samples. Interesting dif- 
ferences have been found. The pore characteristics are being 
studied by a variety of techniques. Solvent swelling studies 
have also been initiated. 

Structure Studies 

At least six laboratories are using nuclear magnetic resonance 
techniques to carry out a variety of structural studies. Several 
of these will be reported later in the symposium. Chemical tech- 
niques are being used by at least three different laboratories. 
Solvent extraction is being used to evaluate the classes of 
materials which are present and to determine the effects of aging 
on the relative amounts of these species. Supercritical extrac- 
tion is being used at three or more laboratories for similar 
purposes. The nature and amount of acidic sites is the subject 
of study at two laboratories. Other workers are using alkylation 
of sites to establish the effects of altering certain classes of 
functional groups. Two groups are examining the nature of the 
water in the coal. Other workers are studying the different 
forms of sulfur present in the samples to establish the organic 
and inorganic species which are present. In a number of cases the 
researchers are using a variety of techniques to probe more 
deeply into the structural features of the coal material. 

Coal Conversion 

Pyrolysis is being used at seven or more laboratories to release 
different species and understand the factors involved in the 
thermally induced changes. Coal desulfurization by a variety of 
techniques is another popular area of research. Liquefaction is 
also being studied at three laboratories with these samples. The 
catalytic effects on coal conversion is also being evaluated. 

The Program Manager is also following the progress of small 
changes in gas composition of the atmosphere in the ampoules as 
time passes. 
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S M L L  AHGLE NEUTRON SCATTERING STUDIES OF SWELLED COAL 

Randall E. Winans and P. Thiyagarajan 

Chemistry Division, Argonne National Laboratory, 
9700 South Case Avenue, Argonne, I l l i n o i s  60439 

INTRODUCTION 

The object ive of t h i s  study is t o  determine changes t h a t  occur in the  
physical s t r u c t u r e  of coals upon swelling in an organic solvent .  It i s  known 
t h a t  bituminous coals  w i l l  swell in solvents  such as  pyridine (1). The 
phenomenon of coal  solvent  swel l ing is being used t o  charac te r ize  coa l  
s t r u c t u r e  espec ia l ly  i n  the  determination of molecular s i z e s  between cross- 
links. Swelling can a f f e c t  coal r e a c t i v i t y  in thermolysis reactions. Also, 
it is important t o  note  t h a t  swel l ing increases  reagent a c c e s s i b i l i t y  in 
chemical modification of coals  (2). Small angle neutron s c a t t e r i n g  (SANS) is 
t h e  approach used i n  t h i s  study t o  examine the  changes in pore s t r u c t u r e  in a 
Pi t tsburgh 18 seam hvA bituminous coa l ,  Argonne Premium Coal Sample #4 (3). 
Two perdeuterated solvents  a r e  used, benzene f o r  non-swollen and pyridine f o r  
swelling conditions. The deuterated solvent  provides a l a r g e  contrast  between 
t h e  solvent and t h e  s o l i d  coa l  f o r  neutron sca t te r ing .  

Coal porosi ty  has been studied by SANS i n  the dry s t a t e  (4,5,6) and in 
non-swelling deuterated solvents  (4.6). These s tudies  suggested t h a t  t h i s  
technique can be useful  f o r  examining pore s t ruc ture .  Our current  r e s u l t s  
show tha t  t h e  pore s t r u c t u r e  of a coal  swollen in pyridine is dramatical ly  
a l te red  from its o r i g i n a l  s t a t e .  

EXPERIMENTAL 

The SANS measurements were made a t  Argonne National Laboratory's Intense 
Pulsed Neutron Source (IPNS) using the Small Angle Diffractometer (SAD). 
Neutrons were produced i n  pulses  by s p a l l a t i o n  from 450 MeV protons followed 
by moderation by s o l i d  methane (18'K) t o  produce wavelengths of 0.5 t o  14 A. 
The sample saw a 0.9 cm diameter beam. A 64x64 array pos i t ion  s e n s i t i v e  
mult idetector  was used t o  de tec t  neutrons sca t te red  by the  sample while the  
wavelength of the neutrons (A) was determined by time-of-flight. The da ta  
were corrected f o r  s c a t t e r i n g  from the c e l l  and incoherent sca t te r ing .  
F ina l ly ,  t h e  i n t e n s i t y  ( I )  was expressed as  a funct ion of the s c a t t e r i n g  
vector, Q: 

Q = (4n/A) s i n  0 

where Q was half the s c a t t e r i n g  angle and: 

where K included a l l  the  experimental constants  and p, and p, were the  
s c a t t e r i n g  length d e n s i t i e s  of the solvent and the matrix. A Q range of 0.005 
t o  0.35 A-1 i a s  access ib le  on the SAD instrument a t  IPNS. 
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The preparat ion of the  Argonne Premium Coal Sample has been described 
(3). A -100 mesh APCS 14 sample was used. (Preliminary a n a l y t i c a l  data ,  on a 
maf basis: C 83%, H 5.8%, N 1.6%. 0 8% S(dry)  1.6% and ash(dry)  9X.) A 
sealed g lass  ampoule containing the  coal  was broken open in a ni t rogen 
atmosphere glove box. The coa l  was wel l  mixed and a port ion t ransfer red  t o  a 
2 c m  diameter x 1.85 mm th ick  quartz  c e l l  leaving enough room f o r  swelling. 
Perdeuterosolvent was added t o  t h e  coal  and then the  c e l l  was sealed. The 
sample was allowed t o  sit f o r  severa l  days before doing the  SANS experiment t o  
insure  complete swel l ing in t h e  case of dg-pyridine. 

RESULTS AN0 DISCUSSION 

A Guinier p l o t  (7) .  based on the  re la t ionship  shown in Equation 2, f o r  
both solvents  is shown i n  Figure 1. Even though db-benzene and d s - p ~ i & d i n i  
have s imi la r  s c a t t e r i n g  length d e n s i t i e s ,  5.35 and 5.69 x 10 /cm 
respect ively,  t h e r e  is a s t r i k i n g  d i f fe rence  between t h e  s c a t t e r t n g  data  from 
the  two solvents .  The s c a t t e r i n g  da ta  f o r  both solvents  exhib i t  a s teep  s lope  
a t  low Q. These r e s u l t s  are indica t ive  of la rge  pores with s i z e s  up t o  
1000 A .  The l a r g e s t  pores tha t  have been reported previously had a 500 A 
l i m i t  which was constrained by the  instrumentat ion (1). Further  ana lys i s  of 
the dg-benzene da ta  shows s d i s t r i b u t i o n  of pore s i z e s  from 12 A up t o  t h e  
1000 A l i m i t .  The di f fe rence  of t h e  poros i ty  between the  coa l  and swollen 
coa l  may be in the shape of the  pores. 

I n  low angle s c a t t e r i n g  it is possible  t o  determine the shape of the pore 
o r  p a r t i c l e  using a modified Guinier ana lys i s  (7).  There a r e  three  types of 
pore shapes: spher ica l ,  elongated ( tubular )  and lamellar. From the  Guinier 
analysis  one can determine the  rad ius  f o r  spher ica l ,  crosf sec t iona l  radius  
and length ( l / Q )  f o r  elongated, and thickness  and a r e s  (1/Q ) f o r  t h e  lamellar  
shapes due t o  the  following s c a t t e r i n g  laws: 

Elongated: I = Ic*l/Q 

To inves t iga te  the  p o s s i b i l i t y  of elongated pores tn(1-Q)  is p lo t ted  versus Q2 
in Figure 2. For d6-benzene there  is no corre la t ion ,  but f o r  the  d -pyridine 
a negative s lope  is found. A t  low Q tubular  pores with a radius  of 3-11 A a r e  
found. Figure 3 shows t h a t  lamellar  pores a r e  not seen in e i t h e r  sample s i n c e  
pos i t ive  s lopes a r e  observed f o r  both samples. 

From these  preliminary r e s u l t s  we conclude t h a t  in a good swelling sol- 
vent the t e r t i a r y  s t r u c t u r e  of t h i s  bituminous coal undergoes major rearrange- 
ment. Whereas t h e  o r i g i n a l  coal  contains  a broad s i z e  range of roughly 
spher ica l  pores ,  t h e  swollen coal  contains  elongated pores with severa l  
d i s t i n c t  s izes .  The pyridine appears t o  be determining the new pore 
dimension. Exactly f i v e  pyridines  can be f i t t e d  i n t o  a 9 A radius c i r c l e  a s  
shown in Figure 4. Table 1 lists the  dependence of pore radius  on the number 
of pyridines  packed i n t o  a cross-sect ion of the  elongated pore. The s i z e  of 
the  pyridine molecule hss been estimated from space- f i l l ing  computer models 
based on the  van d e r  Waals r a d i i  of t h e  individual  a tom. Even a t  high Q, up 
t o  the  instrument l i m i t ,  a negative s lope f o r  the  modified Guinier analysis  is 
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TABLE 1. Possible  Packing Arrangements of Pyridine Molecules i n  Tubular Pores 

Number of Pyridines  Radius of Pore ( A )  

3.37 
6.74 
7.26 
8.14 
9.10 
10.11 
11.14 

observed giving a r ad ius  of approximately 6 A .  This s i z e  of tubular  pore 
could accommodate s t acks  of two OK t h ree  pyridine rings. It is important t o  
note  t h a t  we a r e  observing r e l a t i v e  narrow elongated pores. These r e s u l t s  
could be explained by invoking hydrogen bonding between t h e  pyridines  and t h e  
phenols o r  o ther  a c i d i c  hydroxyls on t h e  surface of t h e  tubular  pores. In 
addi t ion,  i t  is thought from the  NMR and ESR experiments t h a t  t he  motion of 
pyridine in a coa l  is r e s t r i c t e d  (8). Our SANS da ta  argues against  a layered. 
polycycl ic  aromatic s t r u c t u r e  f o r  t h i s  coal. Possibly hydrogen bonding is 
more important i n  determining t h e  t e r t i a r y  s t ruc tu re .  
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Figure 1. Guinier plot for SANS of the Pittsburgh #8 Bituminous cool, 
APCS #4 
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Figure 2. A modified Guinier plot of SANS data for APCS #4 
to evoluote the possiblity of tubular pores 
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Figure 3. A modified Guinier plot of SANS data for APCS #4 
to evaluate the possiblity of sheet-shaped pores 
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A Possible Connection Between Gas Solubility in Coals 
and BET Surface Areas 

J. W. Larsen and P. C. Wernett 

Department of Chemistry 
Lehigh University 

Bethlehem, Pa. 18015 

INTRODUCTION 

lies 

4.5% 
Prem 
samp 

Gas adsorption techniques have been widely used in 
determining surface areas of porous and nonporous solids. The 
surface areas of coals, calculated from nitrogen isotherms at 
77.8 Klgge considerably less than those obtained using CO at 
195 K. yields low sugface 
areas because the micropgres in the coals Ire not completely 
accessible to N at 77.8 K. Limitations are imposed by an 
activated difgusfog process for N 
pores at 77.8 K. 
for adsorption than N2. It has been suggested that C02 
interacts with oxygen functionalities in coals resulting in 
swelliqg which may contribute to the large surface areas for 
coals. 

As part of another investigation, we have measured BET 
surface areas of a high volatile bituminous coal with small 
hydrocarbon gases expected to be insoluble in the coal. We report 
here a comparison of these surface areas with those obtained using 
CO and Ar. We tentatively conclude that the solubility of C02 in 
cohs is important in that it gives C02 access to closed pores 
which are otherwise ignored in surface area measurements by gas 
adsorption. It may be that the majority of the coal surface area 

It is generally believed that N 

and/or shrinkage of the coal 
Caf.bgn6dioxi&e has a lower activation energy 

in closed pores. 

EXPERIMENTAL 

A high volatile Ill. No. 6 coal sample (100 mesh, 75.2% C, 
H, 1.4% N, 3 . 3 %  0, 2 .4% S all dmmf) was obtained from the 
um Coal Sample Bank at Argonne National Laboratory. 100 mg 
es of this coal were transferred into a preweighed sample 

container in a nitrogen filled glovebox for each experiment. 
samples were outgassed on a glass BET isothermal apparatus under a 
vacuum of approximately torr for no less than 8 hrs. A 
Datametrics Barocel pressure sensor was used to measure the 
pressure drop from a known volume to the sample container. The 
dead volume of the sample container was determined by the pressure 
diffsrence of He from the known volume to the sample container at 
77.8 K. This instrument has given correct surface areas for 
standard materials. 

The 
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RESULTS AND DISCUSSION 

The surface areas we obtained using Ar and C02 (Table I) a e 
consistent with those reported for Ill. No. 6 coal by 
The astounding feature of the data in Table I is the very low 
surface area obtained with cyclopropane. It is considerably less 
than the surface area given by CO . Cyclopropane and CO have the 
same cross-sectional arga when thly are determined by thg method 
of Emmett and Brunauer. The cross-sectional area of cyclopropane 
calculated from its structyre and standard bond lengths is 23.2 A2 
if it lies flat and 20.3 A if it lies on a side. These are close 
enough to the calculated value and to each other to have no effect 
on our conclusions. Since the molecules are of similar size, it is 
difficult to rationalize the very large surface area differences 
using arguments based on molecular sieving by the pore system. 
When an adsorbate molecule is soluble in the coal, the surface 
area increases with solubility (Fig.1, work by Reucroft and Patel, 
ref. 2 ) .  On this basis, it is possible that the low surface areas 
observed with nitrogen (Table 11), CC1 , and n-hexane (Fig. I) are 
all correct and the surface area obtai4ed from CO is in error due 
to its solubility in the coal. 
solubility of CO in coals is not great enough to explain the 
large surface adas observed and CO surfafegareas agree well 
with those obtained using X-ray scatgering. ' It seems likely 
that the CO surface areas are approximately correct for coals and 
we must see$ an explanation for the anomalously low surface area 
obtained with cyclopropane. 

surface areas are approximately correct, then C02 
must be able t8 reach coal surface which is inaccessible to 
cyclopropane. This brings us to consider the solubility of the two 
gases in coals. The solubility of CO 
experimentally demonstrated (see howlver ref. 10) . 
is probably insoluble in the coal. It has been established that 
alkanes do not swell coals to any apprefiapJe extent and the heats 
of wetting of coals by alkanes is zero. ' We conclude that 
cyclopropane is probably insoluble in the coal. 

the different surface areas obtained with these two gases. If a 
large portion of the pores in coals are closed, they will remain 
inaccessible to molecules unable to dissolve in coals. The pores 
are not directly connected to the external surface so a molecule 
must dissolve in and diffuse through solid coal to reach the 
closed pores. Adsorbate gases capable of dissolving the coal have 
accessibility to pores that are closed to insoluble molecules. 
Thus, soluble CO gains access to all of the pores in this coal 
while insoluble gyclopropane can only reach those connected to the 
exterior by the pore network. If this is correct, most of the coal 
pore system.is closed. 

It can be argued that the coal is shape selective and that 
the rod-like C02 molecule can penetrate the pores while the flat 

We disagree with ?his. The 

If the CO 

in coals has7been 
Cyclopropane 

This solubility difference is the basis of an explanation of 
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cyclopropane cannot. Work with amines has shown that planar 
molefyles easily penetrate coals while branched molecules do 
not. It has been showfqtQgt both n-butane and CF C1 
low coal surface areas. ' 
are extraordinarily discriminating. Molecules such as methanol 
which interact specifically with coals and difsolve in them report 
very large surface areas which are incorrect. What is being 
measured is solubility in the coal, not surface area. It seems to 
us most reasonable to conclude that coal pores are mostly closed 
and inaccessible to molecules not soluble in the coal. 

With this model there are three classes of sorbed molecules. 
Molecules which interact specifically and strongly with coals or 
which are soluble in coals report very large and meaningless 
surface areas. The experiment measures their solubility in the 

also give 
If coals are shape sefec?ive, they / 
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Table  I .  S u r f a c e  A r e a s  of Ill. 56 Coal 

Adsorbate 
Adsorption Cross-Sect ional  BET 

Tempgrature Arsa S u r f a p  Area 
( K) (A  1 (m /a 

77 

Carbon Dioxide  17 8 

cyclopropane 203 

16.2 
1 5  

132 

132 

3 6  

31 

25 .3  

25 .2  

Table  11. S u r f a c e  Areas of Kentucky $12 (from r e f . 2 )  

Adsorbate 
C r o s s - s e c t i o n a l  BET 

Arsa Surfzse  Area 
( A  1 (m /g) 

N i t r o g e n  (77.8OK) 

Carbon Dioxide  

16.27 

25.30 

4 

101 

/ F I G U R E  I. 
Dependence of Surface Area :or Kentucky 112 Coal on S o l v e n t  Svcllin~ (data tzorn ref.21 

1.20 1.30 1.40 1 1.0 0 1.10 

Swetliiig P a r a m e t e r  (4) 
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SPECIFIC HEAT MEASUREMENTS OF TWO PREMIUM COALS 

Jane E. Callanan and Kathleen M. McDermott 

Center for Chemical Engineering, National Bureau of Standards1 
Boulder, Colorado 80303 

Introduction 

Our purpose in initiating the study of the premium coal was threefold. 
Our first aim was to observe the behavior of the premium coal. Second, 
we wished to obtain reliable heat capacity data to add to the pool of 
available information on the premium coals and thus extend the data 
base available for the development of useful correlations. Third, we 
wished to compare the results obtained for premium coals with those 
obtained on a nonpremium coal during our development of transferable 
measurement techniques. The heat capacity measurements made on the 
nonpremium coals had shown the development of a deep exotherm on 
initial heating as the coal became more oxidized. We surmised that the 
difference between the initial and repeat measurements on the oxidized 
coal could be ascribed in some way to the increased oxidation level of 
the nonpremium coal. However, the contributions to that effect were 
not clear. 

The heat capacity measurements have been made in sealed cells with no 
significant mass loss. Water has been shown to be released from the 
coal as it is heated above the temperature at which it was dried in the 
course of specimen preparation.(l,2) Three possible sources of this 
water have been identified. First, it may be water physically trapped 
in the coal structure that is released as the coal is heated above its 
drying temperature. Second, the water could be produced by mineral 
reactions that occur as the coal is heated. Carling has applied a 
thermodynamic predictive program, which identifies the most likely 
mineral reactions at various temperatures, to the nonpremium coal used 
in our studies.(3) Reactions that produce significant amounts of 
water are predicted to occur between 400 and 450 K, which is within the 
range of our measurements. Third, the water may be generated by 
condensation reactions occurring within the organic component of th’e 
coal. These would increase as the coal becones more oxidized.(4) 

One possible contribution to the deepening of the exotherm with 
increased oxidation was the increased. exothermicity expected on 
readsorption of water on a more oxidized surface. Barton has evaluated 
the effects of increased oxidation on the enthalpy of adsorption of 
water on coal surfaces.(5) 

Two investigations in our laboratory have shed light on the causes of 
the observed exotherm: The heat capacity of both premium coals and 

1 Contribution of the National Bureau of Standards. Not subject to 
COPY r i g h t . 
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macerals have been measured. Measurements on the macerals will allow 
separation of the mineral contributions from those of the organic 
moieties of coal. The studies on the premium coal aid in the 
evaluation of the effects of oxidation. It is the studies of the 
premium coals which are discussed in this contribution. 

Experimental 

(i) Materials 

The premium coals used in this study were the medium volatile 
bituminous coal from the Upper Creeport Seam and the high volatile 
bituminous coal from the Pittsburgh 18 Seam.(B) The Upper Creeport 
Seam coal was the first of the premium coals available and was obtained 
at the very beginning of this study. During the analysis of the 
results of these measurements it became evident that measurements on a 
high volatile premium coal would be most helpful and the Pittsburgh 
Seam coal was obtained. Comparisons are made with measurements on a 
high volatile Colorado coal, PSOC-854, that was obtained from the Coal 
Sample Bank at Pennsylvania State University. The as-received oxygen 
content of the premium coal was less than two percent; for the 
nonpremium coal, it was 11 percent. 

(ii) Sample preparation 

The premium coals were opened in a controlled-atmosphere chamber with 
low oxygen and moisture levels.(7) They were dried to constant weight 
at 383 K in a stream of dry nitrogen; the premium coals reach constsnt 
weight within 24 hours. The sample is then riffled to ensure 
representative sampling. The coal is pelletized and sealed in an inert 
atmosphere within the controlled-stmosphere chamber. Specimen masses 
ranged from 11-25 mg. Forty specimens of each coal were prepared. 
Some were used in the initial studies reported here; other, sealed at 
the same time under the same conditions, are available for further 
work. 

(iii) Measurements 

Heat capacity measurements were made in sealed cells with a power- 
compensated differential scanning calorimeter (DSC) over the 
temperature range 300-520 K at a heating rate of 5 K/min. Calorime’try 
Conference sapphire was used as a standard.(8) The heat capacity of 
the sapphire standard, determined before beginning thc measurements 
reported here with the instrument settings to be used, was accurate to - +l.5 percent. Heat capacity measurements were made on 20 specimens of 
the Upper rreeport Seam coal; 10 specimens of the Pittsburgh Seam coal 
were used. 

The standard operating procedures and data acquisition and reduction 
methods used for heat capacity measurements in our laboratory have been 
described.(9) Modifications have been made to these procedures for a 
material that undergoes an irreversible reaction on the first 
heating. (10) 
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The moisture content of the specimens as used was determined by means 
of a thermogravimetric balance (TGA). 

Results and Discussion 

In Figure 1 the heat capacities of the Upper Freeport Seam coal, for 
both initial and'repeat runs, are shown. For purposes of comparison, 
similar measurements on an oxidized coal, PSOC-854. are shown in 
Figures 2 and 3. Though this coal, not a premium coal, had an as- 
received oxygen content of 11 percent, it was ground to -100 mesh in 
our laboratory before we had the capability of protecting it from the 
atmosphere. Because it was already well-oxidized when our protective 
facility was ready, no attempts were made to prevent further oxidation. 
The moisture content of the specimens actually measured, as determined 
by TGA, was less than 0.3 percent. 

A significant difference between the premium and the nonpremium coals 
is evident on comparison of Figures 1, 2 and 3. The premium coal does 
not exhibit the deep exotherm on initial heating that is observed for 
the nonpremium coal. Both coals manifest expected, or normal, heat 
capacity behavior on the repeat runs. Differences between initial and 
repeat runs similar to those for the oxidized coal have also been 
reported by Singer and Tye(l1) and by Richardson.(l2) The differences 
noted strengthen our supposition that the exotherm is associated with 
the increased oxidation level of the coal. 

The exotherm is now believed to result from exothermic condensation 
reactions which occur on the oxidized coal surface.(4) In the course 
of development of measuring techniques which will give valid results 
universally (transferable measuring techniques) we have made heat 
capacity measurements during several years on the PSOC-854 coal. As 
the coal has become more severely oxidized, the exotherm has deepened. 
A quantitative evaluation of the exotherm for coal specimens sealed in 
an inert atmosphere shows an increase from 6 J/g for a coal containing 
minimal amounts of oxygen to 38 J/g for a severely oxidized coal. For 
coals sealed in air, the enthalpy difference between initial and repeat 
runs is 60 J/g. The small energies stated here, when translated to 
tons, of coal are on the order of 5-34 MJ. 

As our measurements were made in sealed specimen cells, the possibility 
of a contribution from readsorption of water exists. The water that 
was released during the heating of the coal to a temperature above that 
at which it was dried has the potential to react with the altered coal 
surface. Barton has shown that the exothermicity of the enthalpy of 
adsorption of water on a coal surface increases significantly as the 
coal becomeemore oxidized.(5) 

Another contribution to the differences observed between initial and 
repeat runs on premium and nonpremium coals arises from the difference 
in the volatile matter content of the two coals studied. Proximate 
analysis of the medium volatile premium coal gives a volatile matter 
content of 32 percent: for the high volatile coal, it gives 43 percent. 
In analyzing the results of measurements on the Upper Freeport seam (a 
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medium volatile coal) and comparison with the PSOC-854 coal (a high 
volatile coal) the effects of the difference in volatile matter content 
of the two coals were of concern.(4) These effects, however, could not 
be evaluated until measurements on a premium high volatile coal were 
completed. The Upper Freeport Seam coal was the first of-the premium 
coals to be distributed and was the only one available at the time this 
study was initiated. A sample of a high volatile premium coal 
(Pittsburgh 08  Seam) has since been obtained; measurements in progress 
on this coal will permit the effects of volatile matter content to be 
assessed. 
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HEAT CAPACITIES OF ARGONNE.PREMIUM COAL SAMPLES 

L.L. Isaacs and E. Tsafantakis 

The City College of the City University of New York 
New York, New York 10031 

INTRODUCTION 

The thermal effects on coal have been the.subject of numerous 
investigations dating back to the 1890's. Many techniques have been used 
to study thermal effects, including differential scanning calorimetry (DSC), 
differential thermal analysis (DTA) and thermogravimetric analysis. DTA and 
DSC studies of coals by different researchers yield conflicting information 
( 2 - 5 ) .  Numerous heat capacity determination (6-11) have been done on coals 
over the years. However in these investigations no particular care was taken 
to check the effects of "weathering" on the measured parameters. A number of 
the coals investigated were the same as those which are part of the Argonne 
Premium Coal sample series. 

(1) 

In this communication we report the results of recent DSC investigations 
on the Argonne Premium Coal Sample series. In these experiments care was 
taken to correlate the heat capacity with the thermal history of the 
specimens. 

EXPERIMENTAL PROCEDURE 

Differential scanning calorimetry was used to determine the response of 
coal samples to heating. Heating rates of 10K/min. were used. Sample sizes 
were of the order of 10 to 15 milligrams. Temperatures for the.measurements 
ranged from lOOK to 700K. All experiments were done under flowing nitrogen (1 
stp l/min.), and the exposure of the samples to the ambient environment was 
limited to less than two minutes. The heat flow curves were obtained while 
maintaining constant experimental conditions. The uncertainity in the 
reproducibility of the data is estimated at one percent. Heat capacities were 
calculated from the heat flow curves, using sapphire as a standard for 
comparison. The error in the derived heat capacities is estimated at two 
percent. 

RESULTS AND DISCUSSION 

Coal is a complex mixture of organic matter, inorganic matter and water. 
The usual way of correlating the coal heat capacity data as a function of 
temperature is to follow Kirov's (6) procedure of expressing the total heat 
capacity as a weighted sum of the heat capacities of fixed carbon, volatile 
organic matter, ash and water. Implicit in Kirov's method are the assumptions 
that these components do not interact, and up to the pyrolysis temperature, 
the coal does not undergo either a chemical reaction or a structural 
rearrangement. However, there are a number of experimental findings which 
bring these assumptions into question. 

Mraw (12) has measured the heat capacities of coals as a function of 
water content and found that one must consider the water associated with a 
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coal t o  be composed of two types:  f reezable  water ,  which forms a l iqu id  layer  
adsorbed on t h e  c o a l  and n o n f r e e z a b l e  water  which r e s i d e s  i n  t h e  form of  
molecular  c l u s t e r s  i n  the pore s t ruc ture  of the coa l .  The nonfreezable water 
cont r ibu tes  an excess  low temperature h e a t  c a p a c i t y  t o  t h e  c o a l  due t o  t h e  
onset of r o t a t i o n a l  and v i b r a t i o n a l  motions of the c l u s r e r s  ins ide  the pores. 

Measurement of coa l  char  h e a t  c a p a c i t i e s  (13) and of  c o a l  ashes  (14)  
indicate  t h a t  the h e a t  capac i ty  of the char is not a weight-average sum of the 
ash f r e e  char  h e a t  c a p a c i t y  and of  t h e  a s h  h e a t  c a p a c i t y .  Thus,  t h e r e  i s  
a d d i t i o n a l  e v i d e n c e  t h a t  K i r o v ' s  c o r r e l a t i o n  method must be reconsidered. 
Furthermore, as noted i n  the  introduct ion,  many coals  undergo both endothermic 
and e x o t h e r m i c  r e a c t i o n s  a t  t empera tures  p r i o r  t o  t h e  o n s e t  of pyrolysis  
breakdown. Therefore ,  it is even questionable t h a t  a meaningful heat  capaci ty  
c a n  b e  a s s i g n e d  t o  a c o a l  a t  t empera tures  p a s t  t h e  o n s e t  o f  r e a c t i o n s  
accompanied by thermal e f f e c t s .  

In Figure 1, the  hea t  absorption r a t e  (kJ kg-lsec. '),  6, f o r  the Wyoming 
Sub-bituminous c o a l  is shown as a f u n c t i o n  of  t e m p e r a t u r e .  These d a t a  a r e  
derived from the  h e a t  flow curves for  a given sample by dividing the heat  flow 
(mi l l iwat t s )  versus  temperature curves by the weight of  the  res idua l  sample a t  
the  maximum temperature of a given run. The p a r t i c u l a r  fea tures  of the f igure  
t o  b e  noted a r e :  

* An endothermic peak a t  low temperatures due t o  the "pore" 
water present ;  

* Melting and evaporat ion of the "freezable" water extending 
over a wide temperature range. This endotherm would mask 
any o t h e r  endotherm occurring i n  the same temperature range; 

* S t a r t  of a n  exotherm around 400K; 

* An endothermic reac t ion  between 575K and 675K. 

In  the  above c o n t e x t  endothermic and exothermic are d e f i n e d  a s  h e a t  
a b s o r p t i o n  r e l a t i v e  to  t h a t  which would be calculated from the heat  capacity 
versus temperature  curve f o r  a non-reactive sample. Such an absorpt ion curve  
is ind ica ted  on t h e  f i g u r e .  

By r e p e a t i n g  t h e  h e a t i n g  c u r v e  f o r  t h e  same s a m p l e  we n o t e  t h e  
d i s a p p e a r a n c e  o f  t h e  endothermic  peaks associated with water desorption and 
the reduct ion and eventual  disappearance of t h e  h igh  tempera ture  endotherm. 
The e x o t h e r m  a l s o  d e c r e a s e s  i n  magnitude,  a t  a g iven  tempera ture  wi th  
recycl ing.  The sample loses  weight on heat ing.  The t o t a l  weight loss is 55% 
of  t h e  s t a r t i n g  weight. The major port ion (40-48% of  s t a r t i n g  weight) of the 
weight loss i s  due t o  the removal of water. 

I n  Figure 2 we show the  hea t  absorption r a t e  versus temperature data f o r  
a sample of  the  P i t t sburgh  #8 High Volat i le-bi tuminous c o a l .  This  c o a l  has  
much less  w a t e r .  The t o t a l  weight loss  of 3% is almost t o t a l l y  due to water 
l o s s .  I n s p e c t i o n  o f  F i g u r e  2 shows t h e  e x i s t e n c e  of  a low t e m p e r a t u r e  
endotherm s t a r t i n g  a t  300K. This endotherm p e r s i s t s  a f t e r  the removal of the 
water and blends smoothly i n t o  the  exotherm s t a r t i n g  about 400K. 
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Even s t ronger  evidence for  the exis tence of a low temperature, nonwater- 
r e l a t e d  endotherm p r e c e d i n g  t h e  e x o t h e r m  i s  s e e n  i n  F i g u r e  3 f o r  t h e  
Pocahontas  #3 Low Volatile-bituminous coa l .  For t h i s  coa l  there  i s  no weight 
l o s s  observed, bu t  a wel l  defined endotherm is  seen s t a r t i n g  a t  300K. 

I t  i s  o u r  b e l i e f  t h a t  t h e  l o w - t e m p e r a t u r e  endotherm fo l lowed by 
exothermic behavior i s  associated with a f r e e - r a d i c a l  polymerization r e a c t i o n  
i n  the c o a l .  Pe t rak is  and Grandy (15) have reported t h a t  a s u b s t a n t i a l  number 
of f r e e  r a d i c a l s  a re  present  i n  c o a l  h e a t e d  between 375 and 700K. We f e e l  
t h a t  t h e  300K to 400K endotherm i s  a s s o c i a t e d  with f r e e - r a d i c a l  formation. 
The recombination of the f r e e  r a d i c a l s  is s u f f i c i e n t l y  exothermic  t h a t  t h e  
o v e r a l l  b e h a v i o r  i s  exothermic above 400K. The o v e r a l l  reac t ion  is r a t h e r  
slow and does not  approach completion i n  the time span of t h e  experiment. 

The h i g h  tempera ture  endotherm could be due t o  e i t h e r  the  sof ten ing  of 
the  p a r t i a l l y  reacted coa l  and/or to bond-breaking reac t ions  in  the u n r e a c t e d  
c o a l .  P r e v i o u s  s t u d i e s  (16)  have  shown t h a t  the r e a c t i o n  is revers ib le  a s  
long as  the  mater ia l  is k e p t  below 630K. Hydrogen bond-breakage has  been 
p o s t u l a t e d  ( 4 )  as a source  of t h i s  endotherm.  However, a d d i t i o n a l  f r e e -  
rad ica l  formation can not  be ruled out. I f  the coa l  is pre t rea ted  i n  f lowing  
s team a t  around 610K it yields  more v o l a t i l e  products during steam pyrolysis  
a t  high tempera tures  ( 1 7 ) .  But i f  t h e  p r e t r e a t e d  c o a l  i s  exposed  to a i r  
( 0 2 )  even  f o r  a few minutes the steam pyrolysis  y i e l d  o f  the  coa l  reduces t o  

l e v e l s  below t h a t  of untreated coal .  

The h e a t  absorpt ion curves of the other  coals  a r e  q u a l i t a t i v e l y  s i m i l a r  
to those shown. The major  d i f f e r e n c e s  between t h e  c o a l s ,  are  due t o  t h e  
d i f fe rence  i n  water content ,  the progressive reduct ion i n  t h e  magnitude of  the  
exotherm a t  a g iven  tempera ture  a s  t h e  r a n k  ( c a r b o n  c o n t e n t )  of t h e  c o a l  
increases .  

Heat capaci ty  data  can be ex t rac ted  from the  h e a t  absorpt ion r a t e  curves 
using the  r e l a t i o n :  

where C (T)  is the hea t  capaci ty  i n  kJkg-lK-l a t  a given temperature and ;(T) 

i s  the  a c t u a l  (determined) heat ing r a t e  a t  the  same temperature. 

I n  o u r  e x p e r i m e n t s  T(T)  i s  nominal ly  0 .1667 K/sec. However, f o r  each 
exper iment  the  a c t u a l  h e a t i n g  r a t e  was d e t e r m i n e d  b y  r u n n i n g  t h e  h e a t  
a b s o r p t i o n  r a t e  c u r v e  f o r  a s a p p h i r e  s t a n d a r d  u n d e r  t h e  same e x a c t  
experimental condi t ions a s  those f o r  the sample runs.  

P 

The h e a t  c a p a c i t i e s  were calculated based on the  assumption t h a t  up t o  
270K there  i s  no weight l o s s  on heat ing.  The hea t  c a p a c i t i e s  above 300K were 
c a l c u l a t e d  by e x t r a p o l a t i n g  the heat  absorpt ion r a t e  curves which would have 
been obtained i n  the absence of hea t  absorbing o r  h e a t  r e l e a s i n g  r e a c t i o n s .  
The ca lcu la ted  heat  capac i t ies  a r e  shown i n  Figure 4 and are  a l s o  tabulated i n  
Table 1. 

T h e r e  was no  g e n e r a l  t r e n d  wi th  c o a l  rank  o b s e r v a b l e  i n  t h e  h e a t  
c a p a c i t i e s .  This  w a s  n o t ,  s u r p r i s i n g  s i n c e  t h e  h e a t  c a p a c i t y  was n o t  
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s e p a r a t e d  i n t o  c o n t r i b u t i o n s  due  t o  t h e  o r g a n i c ,  i n o r g a n i c  and water  
components. 

A t  the  present  time (May 1987) work is  still  i n  progress t o  complete the 
d a t a  f o r  the  r e s t  of t h e  Argonne Premium Coal Sample s e r i e s ,  t o  p repa re  and 
measure a s h  h e a t  c a p a c i t i e s ,  and t o  i n v e s t i g a t e  t h e  e f f e c t  of accelerated 
weathering on t h e  hea t  absorption r a t e s  and on the hea t  c a p a c i t i e s .  

-1 -1 Table  1. Heat Capacity (kJkg K ) of Argonne Premium Coals 

Temp(K) woming I l l i n o i s  16  Blind CangOn Pittsburgh #8 PA-Up.Freepor t  P o c a h .  113 
Sub-bit HV-bit HV-bit HV-bit MV-bit LV-bit 

100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
450 
500 
550 
600 
650 
700 

0.179 
0.307 
0.503 
0.727 
0.973 
1.312 
1.841 
1.771 
1.415 
1.244 
1.307 
1.355 
1.389 
1.463 
1.507 
1.559 
1.576 
1.608 
1.609 

0.325 
0.466 
0.584 
0.760 
0.958 
1.251 
1.515 
1.481 
1.277 
1.167 
1.237 
1.270 
1.317 
1.363 
1.422 
1.443 
1.467 
1.511 
1.514 

0.485 
0.660 

.815 
0.902 
1.001 
1.121 
1.159 
1.206 
1.252 
1.219 
1.267 
1.332 
1.351 
1.423 
1.494 
1.538 
1.577 
1.618 
1.650 

0.410 
0.574 
0.683 
0.800 
0.956 
1.103 
1.169 
1.228 
1 . 2 8 1  
1.364 
1.409 
1.459 
1.500 
1.573 
1.646 
1.701 
1.756 
1.792 
1.828 

0.396 
0.605 
0.667 
0.698 
0.799 
0.882 
0.970 
1.075 
1.156 
1.070 
1.205 
1.265 
1.315 
1.385 
1.450 
1.486 
1.534 
1.548 
1.586 

0.256 
0.762 
0.369 
1.137 
1.241 
1.270 
1.333 
1.348 
1,355 
1.390 
1.411 
1.432 
1.553 
1.480 
1.508 
1.522 
1.536 
1.543 
1.550 
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INTRODUCTION 

S p a t i a l  v a r i a t i o n  o f  o rgan ic  s u l f u r  concen t ra t i on  i n  coa ls  has been 
genera l l y  known f o r  years. 
microscope pe rm i t s  t h a t  v a r i a t i o n  t o  be measured more p r e c i s e l y  than  i s  
p o s s i b l e  by bu lk  techniques;  v a r i a t i o n s  may be measured over d i s tances  l e s s  
than  1 pm. 

microscope r e q u i r e s  use o f  u l t r a  t h i n  f i l m s  or very f i n e  powders. 
t y p i c a l l y  use f o i l s  l e s s  than  1 p m  th i ckness  o r  powders ground t o  a few vm. 
The organic  s u l f u r  con ten t  i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  t h e  count r a t e  f o r  
t h e  s u l f u r  Ka l i n e  t o  t h e  count  r a t e  f o r  t h e  background r a d i a t i o n  measured 
ove r  some convenient  energy i n t e r v a l .  
determined us ing  s u l f u r  standards. The techn ique  i s  h i g h l y  r e l i a b l e  f o r  
s u l f u r ,  as i s  shown i n  e a r l i e r  p u b l i c a t i o n s  (1-3). 
heav ie r  elements a l s o  u t i l i z e s  t h e  background r a d i a t i o n  t o  permi t  abso lu te  
numerical concen t ra t i ons  t o  be der ived.  

This  paper r e p o r t s  a p a r t i c u l a r  a p p l i c a t i o n  o f  t h e  TEM method t o  

The h i g h  r e s o l u t i o n  o f  t h e  t ransmiss ion  e l e c t r o n  

Measurement o f  o rgan ic  s u l f u r  con ten t  u s i n g  t h e  t ransmiss ion  e l e c t r o n  
We 

The p r o p o r t i o n a l i t y  constant  i s  

The P I X E  method f o r  

de te rm ina t ion  o f  t h e  s p a t i a l  v a r i a t i o n  o f  o rgan ic  s u l f u r ,  both w i t h i n  a g i ven  
maceral and among maceral types. Some o f  t h e  obse rva t i ons  r e p o r t  measurements 
on powdered specimens, o t h e r s  on f o i l  specimens prepared from bu lk  coal .  

SPATIAL VARIATION 

We have r e p o r t e d  seve ra l  measurements o f  t h e  s p a t i a l  v a r i a t i o n  o f  o rgan ic  
s u l f u r  i n  coa l .  
s u l f u r  content  o f  a s p o r i n i t e  maceral embedded i n  a l a r g e r  v i t r i n i t e  maceral 
i n  an I l l i n o i s  #5 coa l  i s  shown i n  F ig .  1. Several f ea tu res  a r e  ev iden t .  A 
cons ide rab le  v a r i a t i o n  e x i s t s  across a maceral, b u t  an even l a r g e r  v a r i a t i o n  
e x i s t s  between t h e  two macerals. 
concen t ra t i on  o f  o rgan ic  s u l f u r  t han  o f  t h e  v i t r i n i t e .  
commonly has a l ower  o rgan ic  s u l f u r  con ten t  t han  v i t r i n i t e  i n  a p a r t i c u l a r  
coal .  Th is  i s  e v i d e n t  f rom t h e  da ta  i n  F ig .  2 f o r  a r e s i n i t e  maceral embedded 
i n  v i t r i n i t e  i n  a b l o c k  o f  I l l i n o i s  #6. 

We c i t e  two new measurements here. The v a r i a t i o n  i n  o rgan ic  

The s p o r i n i t e  maceral has a much h i g h e r  
I n  con t ras t ,  r e s i n i t e  

MEASUREMENTS ON WHOLE COALS 

Many measurements have been made o f  t h e  organic  s u l f u r  con ten t  o f  whole 
coals ,  bo th  t o  f i n d  t h e  spread i n  s u l f u r  con ten t  and t o  determine t h e  average 
o rgan ic  s u l f u r  content .  
Premium Coal Bank. 
seven o f  t hese  coa ls .  
coals .  We have n o t  separated these coal  i n t o  maceral types,  so we do n o t  know 

A number o f  t hese  c o a l s  have been f rom t h e  Argonne 
We show i n  Fig. 3 t h e  s u l f u r  d i s t r i b u t i o n  ob ta ined  f o r  

The concen t ra t i on  v a r i e s  w ide ly  f o r  each o f  t h e  
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t h e  v a r i a t i o n  by maceral type. 
b i tuminous coa ls  separated i n t o  maceral f r a c t i o n s ,  though, and r e p o r t  such an  
obse rva t i on  i n  t h e  nex t  sec t i on .  

v a r i a t i o n  as t h e  da ta  o f  F ig .  3 show, bu t  t h e  average over  a number o f  
independent measurements has been f,ound t o  be ve ry  c l o s e  t o  t h e  average 
o rgan ic  s u l f u r  content  o f  t h a t  coa l  determined by b u l k  methods. 
made between e i g h t  coa ls  measured i n  t h e  TEM and t h e  repo r ted  o rgan ic  s u l f u r  
con ten t  measured by ASTM methods independent ly  shows good agreement, F ig .  4. 

We have repo r ted  measurements on o t h e r  

Measurements on i n d i v i d u a l  p a r t i c l e s  o f  a coa l  have cons ide rab le  

A comparison 

ORGANIC SULFUR CONCENTRATION FOR SEPARATED MACERALS 

V a r i a t i o n  i n  organic  s u l f u r  concen t ra t i on  can e a s i l y  be made f o r  maceral 
f r a c t i o n s  separated by dens i t y .  We have measured seve ra l  such f r a c t i o n s  
separated by Oyrkacz (4,5). Resu l t s  f o r  an Ind iana  b lock  coa l ,  a h i g h  
v o l a t i l e  b i tuminous (PSOC 106) a r e  shown i n  Fig. 5. There t h e  o rgan ic  s u l f u r  
concen t ra t i on  i s  p l o t t e d  as a f u n c t i o n  o f  t h e  d e n s i t y  o f  t h e  separated 
macerals. Approximate boundaries between e x i n i t e ,  v i t r i n i t e  and i n e r t i n i t e  
f o r  t h i s  coa l  a re  shown i n  t h e  f i g u r e .  
s u l f u r  concen t ra t i on  w i t h  dens i t y ,  r i s i n g  from t h e  i n e r t i n i t e s  th rough  t h e  
v i t r i n i t e ,  peaking a t  a d e n s i t y  near  1.20 g/cc and f a l l i n g  o f f  toward t h e  
l i g h t e r  f r a c t i o n s .  The peak a t  1.20 corresponds t o  t h e  macera l - type 
s p o r i n i t e .  

p a t t e r n ,  t h e  curve be ing  s h i f t e d  up o r  down i n  accordance wi th t h e  average 
o rgan ic  s u l f u r  content  (2). We f i n d ,  as d i d  Raymond e a r l i e r  (6 ) ,  t h a t  t h e  
average s u l f u r  con ten t  o f  t h e  whole coa l  i s  about t h a t  o f  v i t r i n i t e .  

The purpose o f  t h i s  paper i s  n o t  t o  emphasize t h e  average o rgan ic  s u l f u r  
concen t ra t i on  o f  coa l  o r  o f  separated macerals, bu t  t o  examine t h e  v a r i a t i o n  
o f  o rgan ic  s u l f u r  f rom p a r t i c l e  t o  p a r t i c l e  w i t h i n  a p a r t i c u l a r  maceral type. 
We show t h i s  i n  two steps. 

One sees a smooth v a r i a t i o n  o f  o rgan ic  

We have repeated t h i s  measurement f o r  f o u r  o t h e r  coa ls  and f i n d  t h e  same 

F i r s t ,  measurement o f  t h e  o rgan ic  s u l f u r  concen t ra t i on  o f  t h e  major  
maceral groups o f  t h e  Ind iana  Block Coal (PSOC 106) shows wide v a r i a t i o n .  The 
measurements a r e  shown i n  F ig .  6. One sees wide v a r i a t i o n ,  e s p e c i a l l y  f o r  t h e  
e x i  n i  t e .  

concen t ra t i on  f o r  each o f  t h e  separated d e n s i t y  f r a c t i o n s  p l o t t e d  i n  F ig .  3. 
Three of t h e  measurements a re  shown i n  F ig .  7 one f o r  each o f  t h e  major  
maceral groups. 
v i t r i n i t e  macerals o f  d e n s i t y  1.42 g/cc and 1.30 g/cc i s  again smal l .  
t h e  f r a c t i o n  a t  1.18 g/cc ( s p o r i n i t e )  t h e  range i s  s t i l l  enormous. Is t h i s  a 
r e s u l t  of maceral i m p u r i t y ,  o r  do pure macerals o f  t h e  e x i n i t e s  have an 
i n t r i n s i c  v a r i a t i o n  o f  s u l f u r  con ten t  which i s  ve ry  broad? 

t h i s  g r a v i t y - c e n t r i f u g e  process, we have made measurements i n  s i t u  f o r  4 
macerals of an I l l i n o i s  #5 coa l  (7) .  Those measurements a r e  p l o t t e d  i n  
F ig .  8, where they  a r e  compared t o  measurements on separated macerals o f  an 
I l l i n o i s  #5 coa l .  

Second, measurement has been made o f  t h e  v a r i a t i o n  o f  organic  s u l f u r  

The range o f  s u l f u r  concen t ra t i on  f o r  t h e  i n e r t i n i t e  and 
But f o r  

To make sure t h a t  t h i s  p a t t e r n  was no t  p e c u l i a r  t o  coa ls  separated by 

The agreement i s  s a t i s f a c t o r y .  

251 



DISTRIBUTION OF ORGANIC SULFUR I N  FINELY SEPARATED MACERALS 

A l a b o r a t o r y  f o r  separa t i ng  c o a l s  i n t o  submaceral types by t h e  dens i t y  
g rad ien t  method has been e s t a b l i s h e d  by P ro fesso r  C r e l l i n g  a t  SIU.  
t h e  techniques o f  Dyrkacz t o  t h e  extreme, he can prepare powdered macerals of 
even h i g h e r  p u r i t y .  He has s u p p l i e d  us w i t h  specimens f rom a b i tuminous c o a l  
# S I U  647 J, an Ind iana  paper coal .  We have measured t h e  o rgan ic  s u l f u r  
content  o f  f o u r  o f  t hose  specimens and show t h e  d i s t r i b u t i o n s  i n  F ig .  9. 

The o rgan ic  s u l f u r  con ten t  of specimen #1, a c u t i n i t e ,  i s  a narrow 
d i s t r i b u t i o n  wi th  an average value o f  about 0.45 wt%,  Fig. 9a. 
d i s t r i b u t i o n  i s  a s i n g l e  mode. 
somewhat lower  d e n s i t y ,  i s  a l s o  a s i n g l e  mode except f o r  4 i s o l a t e d  p o i n t s  a t  
a much h i g h e r  o r g a n i c  s u l f u r  concen t ra t i on ,  F ig .  9b. 
t h e  average o rgan ic  s u l f u r  concen t ra t i on  i s  0.57 w t % ,  n e g l e c t i n g  t h e  4 h i g h e s t  
p o i n t s  i t  i s  about 0.49. It i s  p o s s i b l e  t h a t  specimen #1 has a few macerals' 
o f  another  subtype w i t h  a h i g h e r  o rgan ic  s u l f u r  concentrat ion.  

By pushing 

The 
That o f  specimen #2, a l s o  a c u t i n i t e  w i t h  a 

I n c l u d i n g  a l l  po in ts ,  

That same t r e n d  con t inues  f o r  maceral t y p e  #3, a s p o r i n i t e  w i t h  a 
s p e c i f i c  g r a v i t y  about 1.16. 
coal ,  y i e l d i n g  a bimodal d i s t r i b u t i o n  shown i n  F ig .  9c. It would appear t h a t  
two maceral subtypes may be present ,  one w i t h  an o rgan ic  s u l f u r  con ten t  nea r  
0.4 w t % ,  t h e  o t h e r  nea r  1.3 wt%. Th is  same biomodal d i s t r i b u t i o n  i s  shown f o r  

One hundred measurements were made f o r  t h i s  

t h e  d e n s i t y  f r a c t i o n  near  1721, near  t h e  edge o f  t h e  v i t r i n i t e s ,  F ig .  9d. 
maceral t y p e  wi th  o rgan ic  s u l f u r  con ten t  near 0.40 must again be mixed w i t h  a 
maceral with o rgan ic  s u l f u r  content  s l i g h t l y  above 1.0. 

A 

These measurements seem t o  show t h a t  macerals separated on a d e n s i t y  
bas i s  may n o t  be "pure". Thus t h e  broad ranges o f  da ta  i n  F igs.  4 and 5 may 
demonstrate t h a t  macerals separated by d e n s i t y  techniques may c o n t a i n  two o r  
more submaceral f r a c t i o n s .  I f  one considers t h e  da ta  o f  F igs .  9c and 9d, t h e  
values f o r  t h e  i n d i v i d u a l  modes among t h i s  bimodal d i s t r i b u t i o n  show a 
v a r i a t i o n  o f  n o t  more than  k20%, a va lue n o t  much d i f f e r e n t  f rom t h e  
v a r i a t i o n s  seen i n  F ig .  1 f o r  t h e  i n - s i t u  macerals, which a re  assu red ly  a more 
pure type,  a t  l e a s t  l o c a l l y .  

C h l o r i n e  D i s t r i b u t i o n  i n  Coal 

The Ind iana  b i tuminous coal ,  PSOC 106, a l s o  con ta ins  c h l o r i n e .  We have 
measured t h e  s p a t i a l  v a r i a t i o n  o f  c h l o r i n e  i n  t h e  separated macerals; 
measurements a r e  shown i n  F ig .  10. 
i s  r e l a t i v e l y  smal l ,  about 0.35 wt%. I n  v i t r i n i t e  and i n e r t i n i t e  t h e  range i s  
r e l a t i v e l y  small ,  f rom about 0.15 t o  about 0.55 wt%. 
t h e  c h l o r i n e  con ten t  i s  much l a r g e r  on t h e  average and t h e  spread i s  much 
h igher ,  n e a r l y  a f a c t o r  o f  10. We have n o t  measured t h e  c h l o r i n e  d i s t r i b u t i o n  
i n  t h e  macerals separated on a f i n e r  sca le,  b u t  i t  would be e a s i l y  f e a s i b l e .  

The average c h l o r i n e  con ten t  o f  t h i s  coa l  

For  t h e  e x i n i t e s  again, 

Organic I r o n  i n  Coal 

We o c c a s i o n a l l y  observe x-ray l i n e s  f o r  i r o n  i n  reg ions o f  t h e  f o i l  i n  
which these  a r e  n o t  observable p r e c i p i t a t e s ,  n o r  x- ray l i n e s  o f  any o t h e r  
element. We have concluded t h a t  t hese  x-rays must show t h e  presence o f  
o rgan ic  i r o n .  An example i s  shown f o r  I l l i n o i s  #5 coa l  i n  F ig.  11. The 
q u a n t i t y  i s  q u i t e  smal l ,  l e s s  than 0.1 w t % .  No v a r i a t i o n  among t h e  t h r e e  
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major  maceral groups was observed. 
o x i d e  p a r t i c l e s  may be p resen t ;  bu t  t h e y  must be l e s s  than  perhaps 3 nm i n  
s i z e  o r  we cou ld  de tec t  t h e i r  presence. 

O f  course, one always w o r r i e s  t h a t  f i n e  

SUMMARY 

The TEM method f o r  measuring o rgan ic  s u l f u r  concen t ra t i on  i s  most 
va luab le  when i t s  f i n e  s c a l e  s p a t i a l  r e s o l u t i o n  can be u t i l i z e d .  
demonstrated t h a t  t h e  v a r i a t i o n  o f  o rgan ic  s u l f u r  i s  about f10% o f  t h e  average 
when measured over  d i s tances  separated by 1 m. 
i n  showing t h e  organic  s u l f u r  v a r i a t i o n  i n  minute p a r t i c l e s  o f  separated 
macerals. Apparently, i t  i s  very d i f f i c u l t  u s i n g  d e n s i t y  techniques t o  o b t a i n  
pure maceral types. 
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Fig. 2. Organic sulfur trace across a resinite maceral 
embedded in vitrinite. Illinois #6. 
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No. Name ' %  

yoda k- Anderson I Upper Freieport 0.7 
20 2 Wypdak- Anderson 0.46 
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6 Blind Canyon 0.38 
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Organic Sulfur 
Fig. 3. Distribution of organic sulfur in seven whole coals from the 

Premium Coal Bank. 
sulfur concentration for each coal. 

The inset Table gives the average organic 
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Fig. 4. Comparison of organic sulfur concentration 
measured by the TEM method and by the ASTM method. 
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Fig. 5. Variation o f  organic sulfur for macerals separated 
by density. Indiana Block coal. 
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F i g .  6. D i s t r i b u t i o n  o f  o r g a n i c  s u l f u r  f o r  t h e  major  maceral 
types. 
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F i g .  7 .  D i s t r i b u t i o n  o f  o r g a n i c  s u l f u r  f o r  3 s p e c i f i c  d e n s i t y  
Sorg 

s p l i t s ,  see Ref. 2 f o r  d i s t r i b u t i o n  o f  o t h e r  s p l i t s .  

257 



0 I l l inolsrY5 
Powder 
Block O 

2 i' I 

I I I I 
OI:O 1. I 1.2 1.3 1.4 1.5 gkc 

Density 
Fig.  8. Comparison of organic  s u l f u r  c o n t e n t  o f  s e p a r a t e d  

and i n  situ macerals .  
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F i g .  9 .  D i s t r i b u t i o n  of o r g a n i c  sulfur i n  f i n e  d e n s i t y  
s p l i t s  o f  an e x i n i t e .  
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Fig. 10. Distribution o f  chlorine content o f  a bituminous coal 

as a function o f  maceral type. 
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Fig. 11. Distribution of organic iron in a specimen of Illinois #5. 
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AN ISOTOPE DILUTION STUDY OF EXCHANGEABLE 
OXYGEN IN PREMIUM COAL SAMPLES 

Dennis F i n s e t h  
P i t t sburgh  Energy Technology Center 

P.O. Box 10940 
P i t t s b u r g h ,  PA 15236 

The a n a l y s i s  of the moisture  conten t  of c o a l s  has  been t h e  s u b j e c t  of a 
number of e x t e n s i v e  d iscuss ions  (1-3). I n t e r e s t  i n  t h e  de te rmina t ion  of 
water i n  coal is a r e s u l t  of both its importance i n  commerce and its 
inf luence  on t h e  e lementa l  a n a l y s i s  of t h e  organic  p o r t i o n  of t h e  c o a l .  
Although s imple  weight  loss methods, such as ASTM 3173, are t h e  accepted 
methods f o r  t h e  a n a l y s i s  of mois ture  i n  c o a l ,  it is well documented t h a t  
these  methods a r e  n o t  without  e r r o r ,  e s p e c i a l l y  i n  low-rank coals. A 
quest ion of importance is, How much o f  t h e  water  of combustion determined by 
classical combustion a n a l y s i s  of t h e  coal was p r e s e n t  i n  the "dry" c o a l  as 
water and is n o t  a combustion product?  This  water, if p r e s e n t  i n  "dry" 
c o a l ,  can in t roduce  a s i g n i f i c a n t  e r r o r  i n t o  t h e  organic  e lemental  a n a l y s i s .  
For example, 1% water p r e s e n t  i n  a dry  I l l i n o i s  86 coal and mistakenly 
i d e n t i f i e d  as a product  of combustion would in t roduce  an error of  -3% i n  t h e  
hydrogen a n a l y s i s  and -10% i n  t h e  oxygen a n a l y s i s .  The 3% e r r o r  i n  t h e  
hydrogen a n a l y s i s  t r a n s l a t e s  i n t o  an error of 3 H/100 C f o r  the  I l l i n o i s  N o .  
6 coal. 

Our p a r t i c u l a r  concern regard ing  the a c c u r a t e  determinat ion of water 
stems from an i n t e r e s t  i n  t h e  chemistry of hydrogen dur ing  d i r e c t  c o a l  
l i q u e f a c t i o n .  In such  systems t h e  change i n  organic  hydrogen across a 
r e a c t o r  w i l l  o f t e n  be  i n  t h e  range of 5 H/100 C. If e r r o r s  due to  t h e  
unknown amount of mois ture  i n  c o a l  are +3 H/100 C,  a problem e x i s t s .  If we 
cannot  have confidence i n  o u r  a b i l i t y  t o  determine the change i n  organic  
e lemental  composi t ion across a r e a c t o r ,  we cannot ,  wi th  confidence,  d i s c u s s  
t h e  chemistry occurr ing  i n  that r e a c t o r .  

The i n v e s t i g a t i o n  of c o a l  s t r u c t u r e  can also be complicated by 
inadequate a n a l y s i s  of  the water i n  t h e  c o a l .  Drying procedures  f o r  
moisture  de te rmina t ion  may cause s u b s t a n t i a l  s t r u c t u r a l  changes and,  i f  done 
i n  the presence o f  oxygen, may. also induce s i g n i f i c a n t  ox ida t ion .  The 
problem of s t r u c t u r a l  c o l l a p s e  on dry ing  is more a c u t e  f o r  s t u d i e s  of lower 
rank coals .  Study of the dependence of c o a l  s t r u c t u r e  on moisture  c o n t e n t  
would be a ided  by improved methods t o  measure the n a t u r e  and amount of water 
in  whole coa ls .  

A d i f f i c u l t y  w i t h  improving the  a b i l i t y  t o  q u a n t i t a t e  water i n  coal is 
t h a t  t r u l y  independent methods do n o t  always exist. The " t rue"  va lue  o f  any 
a n a l y t i c a l  parameter is always e a s i e r  t o  determine if  t o t a l l y  independent 

Reference i n  t h i s  r e p o r t  to  any s p e c i f i c  commercial product ,  process ,  o r  
s e r v i c e  is t o  f a c i l i t a t e  understanding and does n o t  n e c e s s a r i l y  imply its 
endorsement o r  favor ing  by t h e  United S t a t e s  Department o f  Energy. 
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methods exist to determine that parameter. This paper describes the possi- 
bility of using a simple isotope dilution technique to determine the water 
content of coal and presents a comparison of these isotope dilution measure- 
ments with classical results for the set of Argonne coals from the premium 
coal sample program (4). 

Isotope dilution is a widely used analytical method and has been 
applied to the analysis of water in matrices as diverse as chicken fat ( 4 ) ,  
living humans (5), and coal (6). Virtually all of these applications 
involved the use of deuterium as the diluted isotope. This poses some 
problems if the sample contains a significant amount of exchangeable organic 
hydrogen and one is interested in discriminating exchangeable organic 
hydrogen from water. This is a potential problem in the coal system. To 
avoid this potential problem "0 was used as the diluted isotope in this 
work. 

Experimental 

The isotope dilution experiment, as applied in this study, involves 
equilibration of a fixed amount of labeled water with a known amount of 
coal. If it can be established that complete equilibration has been 
achieved and if proper allowance is made for isotopic impurities and contri- 
butions from the apparatus, the isotope ratio of the final equilibrated 
system directly measures the exchangeable isotope reservoir in the coal. 
Further work can then be directed to determining what species compose the 
exchangeable oxygen reservoir. 

The equilibration of the coal with labeled water is accomplished by 
placing a weighed amount of coal (20-300 mg) in a thin-walled Pyrex tube, 
adding 5 l.iL of H z l ' O ,  and using a torch to seal the equilibration tube. The 
premium coals used were the 100-mesh samples, and all equilibration tubes 
were filled and sealed within 15 minutes of opening the ampoule. The Hzl'O 
was 90% enriched and was obtained from Mound Laboratories. Before sealing, 
a small amount of dry COz(g) is added to each equilibration tube as a probe 
molecule to facilitate mass spectrometric analysis of the isotope ratio. 
Before analysis, the sealed tubes are equilibrated at 100°C for 16 hours. 
Measurement of the equilibration rate of coal samples using this experi- 
mental approach established that at 100°C, 16 hours was sufficient to 
guarantee complete equilibration. The isotope ratio measurement on the 
final system was done by measuring the relative abundances of the isotopic 
COZ species (Cl602, C'601'0, and C"O2) using a CEC 103 mass spectrometer. 
Stable isotope geochemists routinely use COr to measure the oxygen isotopic 
composition of water samples (7). Distilled water was used for calibration. 

Results and Discussion 

Determination of the size of the exchangeable oxygen reservoir in the 
premium coals was accomplished by plotting the observed 60/ '  '0 isotope 
ratio against the sample size. Since .the amounts of labeled water, COz, and 
any exchangeable oxygen associated with the sample vessel are held constant, 
the change in isotope ratio with sample size should be a function of only 
the size of the exchangeable oxygen reservoir in the coal. The isotope 
dilution data obtained for the eight currently available premium coals are 
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presented i n  F igure  1.  The s l o p e s  of t h e  p l o t s  shown i n  Figure 1 a r e  simply 
propor t iona l  to  the s i z e  of  t h e  exchangeable oxygen r e s e r v o i r  i n  each o f  t h e  
premium c o a l s .  

Conversion of t h e  raw d a t a  to  "water" content  and comparison of  t h e s e  
r e s u l t s  wi th  t h e  best c u r r e n t l y  a v a i l a b l e  moisture  ana lyses  on t h e  premium 
c o a l s  is shown i n  T a b l e  1 .  The assumption t h a t  is made is t h a t  t h e  
exchangeable oxygen r e s e r v o i r  is a l l  present  as water. These r e s u l t s  ind i -  
c a t e  good agreement between t h e  i s o t o p e  d i l u t i o n  measurement and t h e  c l a s -  
s i c a l  mois ture  measurements on t h i s  set of samples. There appears  to be  a 
small s y s t e m a t i c  p o s i t i v e  d i f f e r e n c e  between t h e  i so tope  d i l u t i o n  and t h e  
weight loss r e s u l t s .  This  d i f f e r e n c e  is be l ieved  t o  be o u t s i d e  our exper i -  
mental e r r o r .  Before t h e  s e t  of  premium coals was analyzed,  a number o f  
ground c o a l s  being used i n  process- re la ted  s t u d i e s  had been analyzed by t h i s  
method. For t h e s e  samples, which had n o t  been handled with t h e  c a r e  
lav ished  on t h e  premium samples, d i s c r e p a n c i e s  between the  i so tope  d i l u t i o n  
measurements and the  c l a s s i c a l  weight loss a n a l y s e s  were s i g n i f i c a n t l y  
g r e a t e r .  This  is i l l u s t r a t e d  by t h e  last  two e n t r i e s  in  Table  1.  A t  t h i s  
p o i n t  i n  t h e  development of  t h e  i so tope  d i l u t i o n  technique,  a d e f i n i t i v e  
explana t ion  of t h e  l a r g e r  d i screpancies  between i s o t o p e  d i l u t i o n  and weight 
loss r e s u l t s  for t h e  non-premium samples would be premature. A p o t e n t i a l  
source of  t h e s e  d i f f e r e n c e s  could be mild oxida t ion  and s t r u c t u r a l  changes 
i n  t h e  non-premium samples, r e s u l t i n g  i n  water being more s t r o n g l y  bound and 
t h u s  incompletely measured i n  t h e  weight loss analyses .  Fur ther  work is 
needed to clarify t h e  reasons  for t h e s e  d i f f e r e n c e s .  

The data presented i n d i c a t e  t h a t  an i so tope  d i l u t i o n  approach is 
capable  of reproducibly measuring t h e  s i z e  o f  an exchangeable oxygen 
r e s e r v o i r  i n  coa l .  To determine what oxygen is included i n  t h e  exchangeable 
oxygen r e s e r v o i r ,  t h e  size of t h e  r e s e r v o i r  was determined f o r  a v a r i e t y  of 
model systems,  inc luding  c l a y  minera ls ,  c a l c i t e ,  gypsum, inorganic  hydra tes ,  
phenol ics ,  carboxyl ic  a c i d s ,  carboxyla te  s a l t s ,  carboxyla te  salt hydra tes ,  
and accepted geochemical s tandards.  The d iscuss ion  of  a l l  t h e s e  r e s u l t s  
exceeds t h e  scope of t h i s  p r e p r i n t ;  however, t h e  prel iminary conclusion is 
t h a t  under t h e  c o n d i t i o n s  descr ibed  i n  t h i s  work, t h e  exchangeable oxygen 
r e s e r v o i r  i n c l u d e s  most s t r o n g l y  bound hydra te  water in both organic  and 
inorganic  systems and does n o t  inc lude  any organic  oxygen i n  compounds t h a t  
a r e  s t a b l e  under the e q u i l i b r a t i o n  condi t ions .  

C o n c h s  i o n s  

Equi l ibr ium i s o t o p e  exchange f o r  t h e  i n v e s t i g a t i o n  of oxygen i n  c o a l  
appears  to have promise as a t o o l  for determinat ion of  the  " t rue"  water con- 
t e n t  o f  coals. I t s  a p p l i c a b i l i t y  appears  to  extend a c r o s s  t h e  rank s c a l e .  
The technique measures t h e  s i z e  of t h e  exchangeable oxygen r e s e r v o i r  under 
very mild c o n d i t i o n s  without  removing t h e  water from t h e  c o a l ,  thus  avoiding 
s t r u c t u r a l  changes t h a t  could complicate  t h e  a n a l y s i s .  A more comprehensive 
d iscuss ion  o f  t h e  r e s u l t s  on a v a r i e t y  of systems is c u r r e n t l y  being pre- 
pared. Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  i t  may provide a s imple,  r e l i a b l e ,  
and t o t a l l y  independent method for t h e  measurement of coa l  water content .  
Comparison of t h i s  method with c l a s s i c a l  weight loss methods may provide a 
s i g n i f i c a n t  improvement i n  our  a b i l i t y  to  measure t h e  " t rue"  water c o n t e n t  
of c o a l  and t h u s  the " t rue"  organic  hydrogen and oxygen conten ts  as wel l .  
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TEE APPLICATION OF INVERSE GAS CEROWTOGMPEY 
TO COALS AND OXIDIZED COALS 

P. H. Neil1 and R. E. Winans 

Chemistry Division, Argonne National Laboratory,  
9700 South Cass Avenue, Argonne I l l i n o i s  60439 

INTRODUCTION 

In two previous papers (1,2) we reported preliminary r e s u l t s  concerning 
t h e  app l i ca t ion  of Inverse Gas Chromatography (IGC) t o  coals  and a i r  oxidized 
coals .  I n  t h i s  paper w e  w i l l  r epo r t  on t h e  r ep roduc ib i l i t y  of t he  ICC 
technique, i ts app l i ca t ion  t o  o the r  Argonne Premium Coals, and compare t h e  
r e s u l t s  with those obtained with py ro lys i s  mass spectroscopy. The ob jec t ive  
of this study is t o  provide d e t a i l e d  information concerning t h e  possible  non- 
oxidat ive changes in t h e  chemical and physical  s t r u c t u r e s  of t h e  Argonne 
Premium Coal Samples (APCS) during long term storage.  Inverse gas chroma- 
tography is j u s t  one of t he  techniques being u t i l i z e d  i n  meeting t h i s  objec- 
t i v e .  It is known t h a t  s u b t l e  changes i n  coal  s t r u c t u r e  can e f f e c t  changes i n  
p l a s t i c i t y  when a c o a l  is heated. However, t h e  techniques t r a d i t i o n a l l y  used 
t o  measure p l a s t i c i t y  do not  y i e ld  information which can be used t o  understand 
t h e  underlying chemical and physical  changes i n  t h e  coa l  s t ruc tu re .  

Inverse gas chromatography, a technique widely used f o r  s tudying 
polymers, is being used t o  study t h e  t r a n s i t i o n s  t h a t  t h e  APCS undergo upon 
heating. Inverse gas chromatography has been appl ied t o  polymers t o  measure 
t h e  g l a s s  t r a n s i t i o n  temperature,  t h e  degree of c r y s t a l l i n i t y ,  melting po in t ,  
thermodynamics of so lu t ion ,  and chemical composition (3-5). Inverse gas  
chromatography has a l s o  been appl ied to coals  i n  the  temperature region l e s s  
than 85OC t o  determine the  enthalpy of so rp t ion  of methane and oxygen on d r i e d  
c o a l s  (6). For methane t h e  en tha lp i e s  of so rp t ion  ranged from 4.4 t o  0.9 
Kcal/uol.e f o r  Czechoslovakian coals between 90.7 and 83.3 percent  carbon on a 
dry ash f r e e  basis.  

In c o n t r a s t  t o  c l a s s i c a l  gas  chromatography, i nve r se  chromatography 
probes the  s t a t i o n a r y  phase, a coa l ,  by determining t h e  r e t e n t i o n  time of 
known compounds on it. This t r anspos i t i on  of known and unknown i n  t h e  gas  
chromatography experiment gives  r i s e  t o  the term "inverse chromatography". 
Two types of information a r e  provided by the I G C  experiment. The s lope of a 
p l o t  of the  log of t h e  r e t en t ion  time versus  t h e  inve r se  of t he  temperature is 
proport ional  t o  the enthalpy of r e t e n t i o n  f o r  t h e  probe molecule on the 
coal.  This is a thermodynamic measure of s t r e n g t h  of t h e  i n t e r a c t i o n  between 
t h e  probe molecule and t h e  coal. The temperatures a t  which major changes i n  
s l o p e  a r e  observed represent  t he  points  where the  mechanism of r e t en t ion  has  
changed s i g n i f i c a n t l y ,  i nd ica t ing  t h a t  a s i g n i f i c a n t  change i n  t h e  chemical o r  
physical  s t r u c t u r e  of t he  coal  has occurred. 

EXPERIMENTAL 

The elemental  compositions of t he  coals  used i n  t h i s  study a r e  shown in 
Table 1. The prepa ra t ion  of t h e  Argonne Premium Coal Samples has been 

266 



described by K. Vorres and S. Janikowski (7).  The -100 mesh samples were 
thoroughly mixed with non-porous g l a s s  beads (-400 t o  -60 mesh) t o  give a 
mixture approximately 10% coal  on a weight basis.  A blank experiment 
u t i l i z i n g  only g lass  beads y ie lded  an e f f e c t i v e  s lope  of 0, i nd ica t ing  t h a t  
adsorption of methane on t he  non-porous g l a s s  beads was minimal. The s i x  f o o t  
by 1/4 inch g l a s s  columns were packed with ca. 30 grams of the  mixture. A l l  
t r a n s f e r s  and weighings were performed in a glove box under n i t rogen  
atmosphere. 

A di.agram of the  experimental apparatus is provided in Figure 1. The gas 
chromatography equipped with a s i n g l e  flame ion iza t ion  de tec to r  could be 
cont ro l led  from an ex te rna l  computer. The i n j e c t o r  was a computer con t ro l l ed  
Carle gas sampling valve in a thermostated box. Flow cont ro l  was provided by 
two flow con t ro l l e r s  one with a 0-5 mllmin. element and t h e  second with a 0-60 
ml/min. element. The second c o n t r o l l e r  was connected t o  the  i n j e c t o r  through 
a computer cont ro l led  solenoid. The experiment was cont ro l led  and t h e  da t a  
analyzed by an IBM PC computer. 

A flow diagram of the  IGC experiment is shown i n  Figure 2. The 
experiment begins with an i n i t i a l  equ i l ib ra t ion  period of at l e a s t  24 hours,  
during which the  flow r a t e  of the  helium c a r r i e r  gas was cycled between i t ' s  
chromatographic r a t e  of 1 ml/min. and the  higher r a t e  (30 ml/min.). The 
h igher  flow r a t e  was used t o  speed the  removal of v o l a t i l e  matter from t h e  
column a f t e r  each temperature increment. The probe, 10% methane i n  argon, was 
in j ec t ed  onto the  column and i t ' s  r e t en t ion  t i m e  a t  the  s p e c i f i c  temperature 
determined. In t he  experiment dupl ica te  chromatograms were obtained in f o u r  
degree increments between 50 and 450°C. Af te r  each temperature increment t he  
base l ine  s igna l  was determined and compared t o  the base l ine  a t  the  previous 
temperature. I f  it had increased more than 10% t h e  solenoid i s o l a t i n g  t h e  
second flow con t ro l l e r  was opened increas ing  the  rate a t  which the  coa l  
v o l a t i l e  matter was purged from t h e  column. Even with increas ing  t h e  flow 
r a t e ,  an IGC experiment could take  up t o  a month t o  perform. The i n j e c t o r  was 
he ld  a t  100°C and t h e  de t ec to r  a t  400'C. 

The Pyro lys is  Mass Spectrometry (PyMS) technique has been descr ibed  
previously (8). Br ie f ly  the  coal sample was placed on a platinum 5% rhodium 
mesh on the  end of a probe a s  a s lu r ry .  Af te r  t h e  so lvent  had evaporated t h e  
probe was in se r t ed  i n t o  the mass spectrometer and pos i t ioned  within 5 mm. of 
t h e  source. The probe which had been previously ca l ib ra t ed  wi th  an i n f r a r e d  
thermometer was computer cont ro l led  t o  give a temperature p r o f i l e  beginning a t  
100°C and inc reas ing  a t  50"Clmin. t o  800°C. This technique r e s u l t s  i n  t h e  
r e l a t i v e l y  slow vacuum pyro lys is  of t he  coal sample. 

RESULTS AND DISCUSSION 

The r e s u l t s  from t h e  IGC experiment on Upper Freeport  Coal (APCS #l) a r e  
presented in Figure 3. The p lo t  of t he  Log of the  r e t en t ion  t i m e  versus t h e  
inverse  of t he  temperature in degrees Kelvin is divided i n t o  t h r e e  genera l  
regions based on t he  slope of the  curve. The f i r s t  major t r a n s i t i o n  is 
bounded by t h e  s i g n i f i c a n t  change in s lope  normally found between 100 and 
120°C. We be l ieve  t h a t  t h i s  t r a n s i t i o n  is caused by the  l o s s  of water from 
t h e  pore s t r u c t u r e  of t he  coal. This change i n  s lope  ind ica t e s  t h a t  the  way 
the  methane probe molecule i n t e r a c t s  with the  wet coa l ,  or t he  mechanism of 
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r e t en t ion ,  is d i f f e r e n t  enough from t h a t  of t h e  dry coa l  t o  produce the  
observed dev ia t ion  i n  curve. The intermediate temperature region (ca. 115'C 
t o ,  ca. 35OoC) i s  a long region in which a r e l a t i v e l y  constant s lope  is 
observed. This i n d i c a t e s  t h a t  t he  mechanism of r e t en t ion  f o r  the  methane 
probe molecule does not change s ign i f i can t ly .  However, above, 200°C a la rge  
number of small t r a n s i t i o n s  a r e  encountered which do not r e s u l t  in a major 
devia t ion  from t h e  p reva i l i ng  slope. We believe t h a t  these  a r e  due t o  the  
loss of v o l a t i l e  matter occluded within the  coal s t ruc tu re .  The lo s s  of 
r e l a t i v e l y  minor amounts of ma te r i a l  should r e s u l t  in small  devia t ions  i n  
r e t en t ion  t i m e ,  which a r e  observed but would not be expected t o  modify the  
ove ra l l  mechanism of r e t en t ion  s ign i f i can t ly .  In  region 3 (>350°C) the re  is a 
marked change i n  t h e  s lope  ind ica t ing  a major change i n  the  mechanism by which 
t h e  methane probe is re ta ined  by t h e  coa l  i n  the  IGC experiment. This cor re-  
sponds t o  t he  temperature region in which Gies le r  P las t imeter  r e s u l t s  i nd ica t e  
t h a t  t he  coa l  is in t h e  f l u i d  s t a t e .  

The r e p r o d u c i b i l i t y  of t h e  I G C  technique is shown i n  Figure 4, where the  
r e s u l t s  from dup l i ca t e  experiments on I l l i n o i s  No. 6 (APCS 83) a r e  pre- 
sented. As can e a s i l y  be seen, t h e  r e s u l t s  from the  two experiments a r e  very 
s imi la r .  Not on ly  do the  major t r a n s i t i o n s  occur a t  the  same temperatures,  
bu t  many of t he  minor t r a n s i t i o n s  a r e  reproduced a s  w e l l .  The two curves 
appear t o  be most d i s s i m i l a r  in t he  low temperature region. This is where we 
be l ieve  t h a t  changes i n  r e t en t ion  a r e  dominated by water i n  the  coal. Thus 
the  r e s u l t s  should be most s e n s i t i v e  to  va r i a t ion  in sample handling. The 
minor t r a n s i t i o n s  i n  t h e  intermediate temperature region (120-300°C) a r e  
reproduced very accura te ly .  Both curves show minor t r a n s i t i o n s  around 190, 
230 and 285OC. The temperature of t he  major t r a n s i t i o n  appears t o  be s imi l a r  
f o r  the  two experiments. An exact assignment of t h e  temperature of t h i s  
t r a n s i t i o n  in experiment two  is impossible due t o  a problem with the  da ta  
system, which r e su l t ed  i n  the  loss of da t a  between 300 and 326'C. In t h e  
higher temperature region 0326)  reproducible t r a n s i t i o n s  occurred near 380 
and 42OOC. The en tha lp i e s  of sorp t ion  were very s imi l a r  and w e l l  wi th in  the  
ca l cu la t ed  p rec i s ion  of t h e  da ta  a s  can be seen i n  Table 2. 

The v a r i a t i o n  in t he  temperature a t  which t h e  major t r a n s i t i o n  peak 
occurs f o r  each of t he  coals s tud ied  a r e  p lo t t ed  versus percent carbon in 
Figure 5. This peak marks the  s t a r t  of t he  high temperature region in each of 
t h e  experiments. This t r a n s i t i o n  can be seen in Figure 3 j u s t  above 350°C f o r  
Upper Freepor t  coa l ,  i n  Figure 4, j u s t  below 326'C f o r  I l l i n o i s  No. 6, and a t  
370'C in Pocahontas coa l  in Figure 7. The l imi ted  number of samples s tud ied  
precludes s t a t i n g  t h a t  a co r re l a t ion  e x i s t s ,  however one is s a f e  in assuming 
t h a t  a t r end  is  indica ted .  

The en tha lpy .o f  sorp t ion  f o r  each of the  coa ls  s tud ied  p lo t t ed  versus 
carbon content is presented i n  Figure 6. The da ta  was derived from t h e  
regress ion  of t he  IGC da ta  above t h e  temperature of t he  major t r ans i t i on .  As 
with t h e  temperature of the  major t r a n s i t i o n  a trend is d e f i n i t e l y  indi- 
cated. However, s e v e r a l  of t h e  en tha lp i e s  a r e  u n r e a l i s t i c a l l y  high. This is 
probably due t o  changes in column void volume in t h i s  region which would 
s i g n i f i c a n t l y  a f f e c t  t h e  ca l cu la t ed  values. 

Figure 7 compares the  r e s u l t s  from the  I G C  experiment with those obtained 
from PyMS f o r  Pocahontas coal. Although the  pyro lys i s  was s t a r t e d  a t  lOO"C, 
t he  t o t a l  ion cur ren t  s i g n a l  below 208OC was dominated by an i n t e r n a l  s tandard  
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added t o  the  coal. Other experiments i n d i c a t e  t h a t  very l i t t l e  ma te r i a l  of 
molecular mass >31 is re leased  below t h i s  temperature. Above t h i s  tempera ture  
minor t r a n s i t i o n s  in t he  I G C  curve become more numerous. This ind ica t e s  t h a t  
these  minor t r a n s i t i o n s  in the  I G C  are ind ica t ive  of the lo s s  of v o l a t i l e  
material. The maximum i n  t h e  To ta l  Ion Current (TIC) is observed a t  a 
temperature very c lose  t o  t h a t  of t he  major t r a n s i t i o n  in t he  I G C  exper i -  
ment. A t  temperatures above the  major t r a n s i t i o n  t h e  TIC curve ind ica t e s  t h a t  
t h e  re lease  of v o l a t i l e  material begins t o  decrease s ign i f i can t ly .  

Overall ,  IGC appears t o  be a very reproducible method f o r  following t h e  
chemical and phys ica l  changes t h a t  occur when coa l s  are heated in an  i n e r t  
atmosphere. Di f fe rences  in both t h e  temperature of the  t r a n s i t i o n s  and 
en tha lp i e s  of so rp t ion  can be observed f o r  coa ls  of various rank. Py ro lys i s  
Mass Spectrometry r e s u l t s  i nd ica t e  t h a t  t h e  minor t r a n s i t i o n s  observed in t h e  
in te rmedia te  temperature region are due t o  the  loss of v o l a t i l e  matter from 
t h e  coal. 
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TABLE 1. Composition of Coals Studied. 

Coal X C (dmmf) Empirical Formula 

Upper Freeport  mv Bituminous (APCS #I)  87.1 C100H75N1. 5’0.3O2.6 

‘100H8aN0. 6’0.5O3.7 

Pocahontas l v  Bituminous (APCS #5) 89.6 C100H63N1 .2’0.2’3.3 

Bruceton hvA Bituminous 82.3 C100H78N1. 6’0.3’9.3 

I l l i n o i s  No. 6 hvC Bituminous (APCS 13) 77.8 

TABLE 2. Enthalpies  of Sorpt ion in t he  Three Temperature Regions. 

50-100°C 100-3OO0C 350-400°C 

Very Low Temperature Low Temperature High Temperature 

Coal Regiont Regiont Regiont 

Upper Freeport  mv 2.9 f 0.5 1.93 f .07 12.5 f 0.4 
Pocahontas l v  --- * 2.01 f .04 14.8 f 0.4 

Bruceton hvA 1.6 f 0.2 1.96 f .04 7.7 f 0.4 

I l l ino is  No. 6 (1) 4.0 f 0.3 2.00 f -16 4.9 f 0.5 

I l l i n o i s  No. 6 (2) 4.3 f 0.3 1.90 f .15 5.1 f 0.5 

tTemperatures ind ica t ed  a r e  approximate, t h e  a c t u a l  boundaries were determined 
by the  temperature of t h e  a c t u a l  t r a n s i t i o n s  in t h e  s p e c i f i c  experiment. 

*Pocahontas coal  exh ib i t ed  a negat ive s lope in t h i s  region f o r  some unknown 
reason. 
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13C NMR Structural Determination of the Coals in the Premium Coal Sample Bank 

M. S. Soluma, R. J. Pugmireb, and D. M. Granta 

Departments of Chemistrya and Fuels Engineeringb 
University of Utah 

Salt Lake City, UT 84112 

Introduction 

Solid state l3C cross polarization (CP) magic angle spinning (MAS) NMR 
experiments have become very useful for the study of the structure of coal and other 
fossil fuels (1, 2). Solid state NMR techniques have the advantage over liquid NMR 
methods because the whole solid coal can be analyzed in a nondestructive manner and no 
assumption need be made that the soluble portion represents the whole organic portion of 
the coal. From CP/MAS experiments twelve NMR structural parameters may be 
determined including the aromaticity, fa, that give information on the carbon skeletal 
backbone. The variation of the NMR structural parameters for coals of different rank 
from lignite to anthracite has been demonstrated (3). The coals in the Premium Coal 
Sample Bank (PCSB) have been included in the set of coals studied at the Advanced 
Combustion Engineering Research Center. The NMR data obtained on these coals will 
be used to provide chemical structural parameters for refinement of the devolatization 
sub-model of the PCGC-2 combustion model. 

This paper reports the twelve structural parameters for two of the PCSB coals, 
Pittsburgh #8 (HVB) and Blind Canyon (HVB). These data were derived from integrated 
intensities in a normal CP/MAS experiment along with a complete set of dipolar 
dephasing experiments. In addition, the proton spin lattice relaxation times for these 
coals have been determined. From relaxation experiments on the Pittsburgh #8 coal there 
is some evidence of heterogeneity between different sample vials of the same standard 
coal. 

Experimental 

The coal samples studied were Argonne Premium Coal Bank samples o f  
Pittsburgh #8, high volitle bituminous, COAL-ID: 401, vials 137,140,157,159 and Blind 
Canyon Seam, high volitle bituminous, COAL-ID: 601, vial 90. All spectra were taken 
on a Bruker CXP-100. A single contact of 2.5 ms was employed for all T, and dipolar 
dephasing experiments together with a pulse delay time of 1.0 ms which is greater than 
5Tl’s for both coals. The samples were opened in a nitrogen glove bag, placed in a 
capped boron nitride rotor, and spun under nitrogen gas except for vials 137 and 159 of 
the Pittsburgh #8 which were opened in air and then placed immediately in the rotor. All 

21 3 

I 

i 



chemical shielding values are given in ppm with respect to external TMS. The pulse 
sequence used to measure the proton T, indirectly by observing the carbon resonance is 
described in detail by Axelson (1) and the dipolar dephasing sequence which includes 
refocusing pulses in both carbon and proton channels has been described by Alemany et. 
al. (4). 

Results and Discussion 

Proton Spin Lattice Relaxation 
The proton T,’s are given in 

one Blind Canyon vial and for four 
Table I for both the 
different vials of the 

aromatic and aliphatic regions of 
same Pittsburgh #8 coal. 

Table I: e ( m s )  Values for Two Argonne Coals. 

Coal and Vial # Aliphatic Aromatic 

Pittsburgh #8 - 
137 
140 
157 
159 

192 f 7 
2 0 6 f 9  
152 f 5 
151 f 10 

Blind Canyon 
90 60 f 3 

193 f 6 
194 f 5 
140 f 2 
138 f 5 

43 * 2 

f = one marginal standard deviation from three parameter fit. 

The four different vials of Pittsburgh #8 have e values that fall into two groups, two 
with Tl’s of approximately 195 ms and two with values in the 140-150 ms range. To 
check the reproducibility of the T, data, two different experiments were performed on a 
sample without removing it from the spectrometer. The measured Tl’s were well within 
one marginal standard deviation (MSD) of each other, implying that the difference in the 
Pittsburgh #8 is greater than the experimental error. It is postulated that during the 
physical mixing and grindin of this coal, paramagnetic centers may not have been 
randomly distributed. The 3 ’ s  measured for both aliphatic and aromatic regions give 
the same value withim two MSD for the Pittsburgh #8 samples demonstrating that spin 
diffusion is an efficient relaxation mechanism in this sample. For the Blind Canyon 
sample is much shorter than Pittsburgh #8. The Tl’s for the aliphatic and aromatic 
regions of the spectrum differ by more than three MSD indicating that spin diffusion does 
not occur throughout the whole sample. 
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Dipolar Dephasing and Structural Parameters 
Under the conditions of the dipolar dephasing experiment the carbon magnetization 

can be characterized by a decay constant,. T2, which depends on the strength of the 
lH-13C dipolar coupling. Characteristic values of T2 for CH, CH2, and CH3 groups in 
model compounds and coals have been reported (3, 4, 5, 6).  The T2 decay curve is 
usually characterized by two time constants: a Gaussian component characterized with a 
time constant, TG, for rapidly decaying components (CH and CH2 groups) and a 
Lorentzian component with a time constant, TL, for slowly decaying components (rapidly 
rotating methyl groups and nonprotonated carbons). An example of the decay curve for 
the magnetization, M(t), for the aromatic region of Pittsburgh #8 is shown in Figure 1 and 
was fit to the following equation: 

M(t) = MoLe-flL + M,e4.5(flG)2 1) 

where MOL and & are the relative amounts of slow and fast decaying carbon 
magnetization at t = 0. 

The above equation is applied separately to the decay of the aromatic and aliphatic 
regions of the spectrum and four parameters (MOL, TL , &, TG) are determined for each 
region and are used with integrated intensities, I, over various regions of the spectrum to 
determine the 12 structural parameters as follows: 

I 
where Imtd is the total integrated intensity of the whole spectrum, I, is the ingetrated 
intensity of the down field spinning sideband and GPm's are the integrated intensities over 
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selected chemical shift ranges in ppm. These structural parameters are listed in Table 11 
for the two coals and the normal CP/MAS spectrum is shown in Figure 2 for Pittsburgh 
#8 (bottom) and Blind Canyon (top). 

Although both of these coals are of the same rank and nearly identical carbon 
content there are variations in some of the structural parameters. The fa* value for the 
Pittsburgh #8 is 0.75 while a lower value of 0.64 is found for the Blind Canyon coal 
indicating that more of the carbon is sp2-hybridized in the Pittsburgh #8. From the 
elemental analysis data (7) the atomic H/C ratio is 0.79 for the Pittsburgh #8 and 0.91 for 
the Blind Canyon samples. The higher H/C ratio for the Blind Canyon coal is not 
surprising since this coal contains approximately 15% liptinite which is highly aliphatic 
and thus hydrogen rich. Using H/C data together with the and values for the two 
coals one notes that the WC ratios for the aromatic and aliphatic regions are 0.37 and 2.0 
for Pittsburgh #8 and 0.34 and 1.97 for Blind Canyon. This would seem to indicate that 
both the aliphatic and aromatic regions are quite similar but, as can be seen from the 
spectra, the aliphatic regions :f the two coals appear to be significantly different. If it is 
assumed that the parameter fd represents only methyl groups and the H/C ratio of the 
aliphatic region appropriately corrected, then the H/C ratio of the remaining aliphatic 
region for the two coals is 1.3 for Pittsburgh #8 and 1.7 for Blind Canyon. These 
differences can now be used to rationalize the marked spectral differences observed in the 
aliphatic regions of the two coals. The aliphatic structure of the Pittsburgh #8 is probably 
more highly branched, having more CH groups and a lower H/C ratio than the Blind 
Canyon coal which probably has more straight chains with CH, groups or nonsubstituted 
tetrilin-type structures contributing to the higher aliphatic H/C ratio. 

This work demonstrates that solid state NMR techniques can be used to distingush 
structural differences in coals that are of the same rank as well as determining structural 
differences in coals of varying ranks. Similar data will be taken on all of the PCSB coals. 
This data will be used to assess those structural features that make major contributions to 
devolatization behavior of the coals in the combustion processes. 
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WLRNUcLBha NKE CEARACTEBZZATION OF TEE LAYER SILIcbTES 
IN ARGOBAB -0II COALS AND MODEL SYSTglIs 

Arthur R. Thompson and Robert E. Botto 

Chemistry Division, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, I l l i n o i s  60439 

INTRODUCTION 

A v a r i e t y  of pu lse  sequences have been used to  ob ta in  so l id - s t a t e  
aluminum-27 and s i l icon-29  nuclear magnetic resonance (NMR) spec t r a  on the  
mineral mat te r  i n  Argonne Premium Coals. The aim of t h i s  research 
inves t iga t ion  is two-fold; t o  improve our knowledge of minerals found in coa l s  
and t o  e l u c i d a t e  t h e  poss ib le  ro l e s  of l aye r  s i l i c a t e s  in coal formation. To 
f a c i l i t a t e  the  l a t t e r  ob jec t ive ,  l a y e r  s i l i c a t e s  t h a t  a r e  in t imate  with the  
carbonaceous po r t ion  and present during c o a l i f i c a t i o n  must be i den t i f i ed .  
Nuclear magnetic resonance should provide va luable  information because it is 
s e n s i t i v e  t o  a l l  mineral  p a r t i c l e s  independent of t h e i r  s i z e  and it is a 
d i r e c t  cha rac t e r i za t ion  method, thus does not requi re  any modification of t he  
coa ls .  

In t h e  present  s tudy ,  NMR has been appl ied  t o  t h e  e n t i r e  s u i t e  of Argonne 
Premium Coals before  and a f t e r  separa t ion  of the  d e t r i t a l  mineral p a r t i c l e s  by 
s ink- f loa t  s epa ra t ion  (1). Preliminary r e s u l t s  a r e  presented f o r  t h e  d i r e c t  
cha rac t e r i za t io s  of the  minerals more in t imate ly  assoc ia ted  with the  organic 
por t ion  of these  coa ls .  

EXPERIMENTAL 

N M R  Spectrosco . The s i l icon-29  cross -polar iza t ion  (CP) (2) and sp in-  
echo (3) spec t r a  empyoping magic-angle sample-spinning (MAS) (4) were recorded 
a t  19.89 MHz on a Bruker Instruments spectrometer,  model CXP-100. The CP/MAS 
spec t ra  were recorded with contac t  times varying from -1 to  20 m s ,  a 2-second 
r e p e t i t i o n  time and with proton-decoupling dur ing  acquis i t ion .  The 
Hartman-Hahn matching condi t ion  was s e t  with pure k a o l i n i t e  spinning a t  about 
3.5 kHz; a l l  CP/MAS spec t r a  were recorded a t  t he  same speed a s  the  standard.  
The spin-echo s p e c t r a  were recorded with and without proton decoupling dur ing  
a c q u i s i t i o n  and wi th  a r e p e t i t i o n  t i m e  of .2 t o  2 seconds depending on TI. 
The to ta l  time requi red  t o  ob ta in  the  si l icon-29 spec t r a  varied from an hour 
t o  15 hours  f o r  CP/MAS spec t r a  and 2 t o  50 hours f o r  spin-echo spectra.  The 
aluminum-27 MAS, v a r i a b l e  angle sample spinning (VAS) ( 5 )  and s t a t i c  s p e c t r a  
were recorded wi th  a 45' pulse  (2.5 11s pulse width) a t  52.2 MHz on a Nicolet ,  
Magnetics spectrometer,  model NTC-200. The aluminum-27 spec t ra  required an 
hour to 15 hours f o r  d a t a  acquis i t ion .  Chemical s h i f t s  a r e  referenced t o  TMS 
f o r  s i l i con-29  and a 1 &aqueous so lu t ion  of AlC13  f o r  aluminum-27. 

Prepara t ion  of Mineral Concentrates by Sink-Float Separation. A t y p i c a l  
procedure t o  ob ta in  concentrates of minerals was t o  suspend -100 mesh Argonne 
Premium Coal in a 1.42 g/cm so lu t ion  (1 g coal/ lO mLs) by u l t r a s o n i f i c a t i o n .  
The coa l  s l u r r i e s  were cent r i fuged  f o r  30 t o  90 minutes t o  allow f o r  t h e  
dens i ty  separa t ion .  The raw coa l  was c l ea r ly  separated i n t o  a black ,  

280 



I 
I 

carbonaceous upper po r t ion  (low dens i ty )  and a grayish mineral po r t ion  on t h e  
bottom. These two por t ions  could be r ead i ly  separated with minimal mixing by 
decantation. The two por t ions  were sepa ra t e ly  washed with water and e thano l  
t o  remove t h e  C s C l  and Brij-35 and were subsequently d r i ed  i n  s vacuum oven a t  
COOm temperature. 

RESULTS AND DISCUSSION 

Several  commercially ava i l ab le  l aye r  s i l i c a t e s  and t h e i r  chemically 
modified va r i an t s  were analyzed t o  determine t h e  optimum s p e c t r a l  parameters 
required f o r  t h e i r  observation. Methods were a l s o  developed t o  d i s t i n g u i s h  
between the  layer  s i l i c a t e s  present  and t o  f ind  ways t o  overcome the problems 
of poor s e n s i t i v i t y .  In si l icon-29 NMR experiments,  cross-polar izat ion can be 
used t o  t ake  advantage of the d ipo la r  coupling t o  protons thereby enhancing 
t h e  s igna l  of t he  d i l u t e  nuclear  sp in  system. The appropriate  mix time 
depends on t he  r a t e  of po la r i za t ion  t r a n s f e r ,  o r  t he  e f f e c t i v e  s i l i con -p ro ton  
in t e rnuc lea r  dis tance,  and t h e  l i f e t ime  of t h e  proton magnetization. The 
r e s u l t s  of these experiments on a l l  Argonne Premium coals  showed t h a t  using a 
mix t i m e  of approximately 5 m s  s e l e c t i v e l y  enhances the  sharp k a o l i n i t e  
resonance a t  -92.5 ppm (compare Figs l a  and lb) .  This was a s u r p r i s i n g  r e s u l t  
s i n c e  o the r  s i l i c a t e s  a r e  expected t o  have s t r u c t u r e s  with s i l icon-proton 
dis tances  s i m i l a r  t o  kao l in i t e .  However, it allowed the  unambiguous 
i d e n t i f i c a t i o n  of k a o l i n i t e  i n  a l l  of t h e  Argonne Premium Coals even when a 
small amount of k a o l i n i t e  was found in t h e  presence of a l a r g e  number of o the r  
minerals. The s i l icon-29 spin-echo NMR spectrum, i n  add i t ion  t o  having a 
resonance from k a o l i n i t e  (see Fig. l a )  a l s o  e x h i b i t s  a resonance a t  -108 ppm 
from quartz ,  a s  w e l l  a s  resonances from oeveral  o the r  s i l i c o n  sites (some 
minerals may have seve ra l  resonances due t o  c rys t a l log raph ic  inequivalence) i n  
t h e  region from -75 t o  -95 ppm. Silicon-29 resonances i n  t h e  l a t t e r  region 
a r e  typ ica l  of montmoril lonite o r  i l l i t e  clays having Si04 s t r u c t u r e s  wi th  two 
o r  t h ree  of t h e i r  next nea res t  neighbors a s  s i l i c o n  and t h e  remaining next 
nearest  neighbors as aluminum and/or hydrogen. The k a o l i n i t e  resonance a t  
-92.5 ppm was narrowed from 3 ppm t o  1 ppm when proton decoupling was 
employed. However, no s i g n i f i c a n t  change in l inewidth was observed f o r  t h e  
o the r  resonances which prevented f u r t h e r  i d e n t i f i c a t i o n  of o the r  l a y e r  
s i l i c a t e s .  A proton decoupling f i e l d  of 48 kHz was employed and should have 
been of s u f f i c i e n t  magnitude t o  decouple a l l  protons from s i l i con .  Thus, 
other  line-broadening mechanisms, €or  example, bulk s u s c e p t i b i l i t y  anisotropy 
e f f e c t s  a r i s i n g  from noncrys t a l l i n i ty ,  mst dominate t h e  resonances of t h e  
other  minerals. It should be pointed out  t h a t  t h e  s i l icon-29 NMR s p e c t r a l  
parimeters were se l ec t ed  t o  discr iminate  aga ins t  quartz- l ike minerals  
(although qua r t z  resonances do appear i n  some spec t r a  a t  -108 ppm, Figs.  l a  
and IC) in order t o  maximize condi t ions f o r  observat ion of t h e  l a y e r  
s i l i c a t e s .  

The s o l i d - s t a t e  aluminum-27 NMR spec t r a  of t h e  Argonne Premium Coals show 
t h a t  a g r e a t e r  proport ion of t h e i r  aluminum is found i n  octahedral  environ- 
ments (Table l ) ,  some of which is due t o  k a o l i n i t e ,  and d i f f e r i n g  amounts of 
t e t r ahedra l  aluminum. The aluminum-27 spectrum of I l l i n o i s  16 bituminous coa l  
(APCS 13) shown i n  Fig. 2a e x h i b i t s  t e t r a h e d r a l  resonances in t h e  region 
centered a t  65 ppm and octahedral  resonances i n  the  region a t  0 ppm. The Utah 
bituminous coa l  (APCS 116) was found t o  have t h e  most t e t r a h e d r a l  aluminum, 
about one-third t h e  area of t he  t o t a l  aluminum s i g n a l  (see Table 1 and 
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Fig. 2c). The values in Table 1 were determined from the  MAS spec t ra .  S t a t i c  
and VAS spec t r a  were a l s o  run t o  confirm tha t  t he  oc tahedra l  resonances were 
devoid of sp inning  sidebands t h a t  would inf luence  t h e  r e l a t i v e  i n t e n s i t i e s  of 
t he  t e t r ahedra l  and oc tahedra l  aluminum centerbands. 

I n  addi t ion  t o  t h e  spec t r a  of t he  raw coa l s ,  NMR measurements were 
performed on dens i ty  separa ted  mater ia l s .  The predominantly carbonaceous 
por t ion  of the  Argonne Premium Coals was separa ted  from the  heavier ,  mineral- 
r i c h  mater ia l  t o  provide information on the  d i s t r i b u t i o n  of the d i f f e r e n t  
l aye r  s i l i c a t e s  c lose ly  assoc ia ted  with t h e  organic matter. Minerals t ha t  a r e  
f ine ly  d ispersed  wi th  n the  organic matrix were found t o  f l o a t  in a s o l u t i o n  
of dens i ty  1.42 g/c> (aqueous so lu t ion  of C s C l  and Brij-35). while t h e  
l a rge r ,  mineral-rich mater ia l  sank a f t e r  cen t r i fuga t ion .  We chose APCS 16 as 
one of the  f i r s t  coa ls  t o  separa te  because i t  had the  most favorable t e t r a -  
hedra l  t o  oc tahedra l  aluminum r a t i o .  The aluminum-27 NMR spectrum (Fig. 2d) 
of the mineral concent ra te  obtained from dens i ty  separated APCS 86 shows at 
l e a s t  a two-fold inc rease  i n  i n t e n s i t y  of the  t e t r a h e d r a l  resonance over t h a t  
observed f o r  t h e  raw coa l  (Fig. 2c). Moreover, t h i s  treatment apparently does 
not a l t e r  t he  s t r u c t u r e  of t he  minerals. The aluminum-27 o r  si l icon-29 NMR 
spec t ra  of raw APCS #3 ( I l l i n o i s  C6) a r e  e s s e n t i a l l y  the  same a s  the  cor re-  
sponding spec t r a  of its mineral concentrate obtained by s ink- f loa t ,  Pigs. l a  
and IC, 2a and 2b. The e f f e c t  of concent ra t ing  the  mineral  matter is apparent 
from the  reduct ion  in time needed t o  acqui re  t h e  spec t r a ;  the raw coa l  
required approximately 15 hours of t o t a l  a c q u i s i t i o n  (Pig. 2c) while t h e  
mineral concent ra te  required less than 2 hours (Pig. 2d). In addi t ion ,  t h e  
si l icon-29 spectrum of the  carbonaceous upper po r t ion  of the  same coa l  
(Pig. Id )  (50 hours t o t a l  accumulation time) shows s u b s t a n t i a l  d i f fe rences  in 
mineral composition compared with spec t r a  of t h e  raw coal or mineral con- 
cent  r a t  e. 

These spec t r a  of t h e  dens i ty  separa ted  f r a c t i o n s  c l ea r ly  demonstrate t h a t  
a d i f f e r e n t  mix of minerals is in t imate ly  d ispersed  in the organic mat r ix  
compared t o  t h a t  found f o r  t h e  d e t r i t a l  material .  We a r e  cu r ren t ly  pursuing 
add i t iona l  dens i ty  separa t ions  in order t o  see  whether s p e c t r a l  d i f f e rences  
can be observed wi th  mesh s i z e  or  whether o the r  Argonne Premium Coals show 
i n t e r e s t i n g  behavior. We f e e l  these i n i t i a l  r e s u l t s  demonstrate t ha t  NMR can 
y i e l d  va luable  information about t h e  type of mineral  matter present in coa l  
and tha t  t he  technique has the po ten t i a l  t o  reso lve  mineral matter i n t ima te ly  
assoc ia ted  with t h e  organic  por t ion  of coa ls  from epigenet ic  minerals t ha t  a r e  
present. 
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TABLE 1. Dis t r ibu t ion  of Tetrahedral  and Octahedral Aluminum Found in t h e  
Argonne Premium Coal Samples (APCS) by Sol id-s ta te  Aluminum-27 NMR.a 

Coal Number % Tetrahedral  % Octahedral 

Upper Freeport  mv bituminous 

Wyodak subbituminous 

I l l i n o i s  No. 6 hvC bituminous 

Pi t tsburgh No. 8 hvA bituminous 

Pocahontas lv bituminous 

Utah bituminous 

Stockton hvA bituminous 

North Dakota l i g n i t e  

(APCS # l )  

(APCS 1 2 )  

(APCS J3) 

(APCS #5) 

(APCS #7) 

(APCS 14) 

(APCS #6) 

(APCS #8) 

25 

8 

10 

13 

32 

33 

10 

5 

75 

92 

90 

87 

68 

67 

90 

95 

a h t i m a t e d  e r r o r  is f 5 X .  
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Figure 1. Silicon-29 MAS NMR spectra of raw A P C S  83:  (a) spin-echo and 
(b) CP; and spin-echo spectra of i ts  density separated ( c )  sink 
(mineral-rich) and (d) f loa t  (organic-rich) material. 
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Figure 2. Aluminum-27 MAS NMR spectra of (a) raw APCS 13 (b) s i n k  of APCS 13 
(c> raw APCS 16 and (d)  sink of APCS #6.  
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An EPR Study of Nitroxide Spin Probe Doped I l l i n o i s  no. 6 Coal From 
the Premium Coal Sample Program: Reactive Site D i s t r i b u t i o n  

Lowell D. Kisper t ,  L a l i t h  S .  Cooray, and Shing K. Wuu 

Chemistry Department, The Univers i ty  of Alabama, 
Tuscaloosa, Alabama 35487 

INTRODUCTION 

The conversion of coa l  by an economically f e a s i b l e  c a t a l y t i c  
method is an important  area of  research  f o r  o u r  f u t u r e  energy 
requirements. However, knowledge of t h e  Coal s t r u c t u r e  i s  necessary 
before  optimum use  can be made of t h e  c a t a l y s t .  For ins tance ,  t h e  
c a t a l y s t  must b e  a b l e  t o  d i f f u s e  i n t o  t h e  coa l  sample so t h a t  
hydrogenation c a t a l y s i s  can occur from within a s  w e l l  a s  t h e  normal 
s u r f a c e  c a t a l y s i s .  This  requi res  an es t imat ion  of t h e  s i z e ,  number, 
and shape of t h e  pores  i n  the coa l  before  and a f t e r  swel l ing  w i t h  
d i f f e r e n t  s o l v e n t s  and t h e  number d i s t r i b u t i o n  of d i f f e r e n t  r e a c t i v e  
s i t e s  w i t h i n  a c o a l  sample. I n  t h e  p a s t ,  e f f o r t s  have been made t o  
estimate t h e  t o t a l  void volume (poros i ty)  and d i s t r i b u t i o n  of pores  
by measuring t h e  moisture  conten t  of coa l  and p e n e t r a t i o n  by mercury 
as a func t ion  of pressure  (1). It w a s  concluded t h a t  t h e  i n t e r n a l  
sur face  of c o a l  i s  assoc ia ted  wi th  a c a p i l l a r y  system of 4 nm pores  
connected by 0.5 - 0.8 nm passages. Liquid and vapor s o r p t i o n  
s t u d i e s  (2) of p o r o s i t y  and i n t e r n a l  sur face  of  c o a l  suggest  t h a t  a 
def inable  pore s t r u c t u r e  may not  e x i s t  and t h a t  a c c e s s i b i l i t y  i s  a 
b e t t e r  term t o  use .  

Recent ly ,  w e  repor ted  (3) a method t o  determine t h e  r e l a t i v e  
pore ( a c c e s s i b i l i t y )  s i z e  and number d i s t r i b u t i o n  i n  s e l e c t e d  high- 
v o l a t i l e  bituminous coa l  samples by d i f f u s i n g  n i t r o x i d e  s p i n  probes 
of d i f f e r e n t  shapes,  varying i n  diameter o r  length  from 0.47 nm t o  
3.5 nm, i n t o  t h e  swel lab le  pores of t h e  coa l  samples. The r e l a t i v e  
sp in  probe concent ra t ion  was measured by Electron Paramagnetic 
Resonance (EPR) methods f o r  each s i z e d  s p i n  probe. From t h e s e  
measurements, a r e l a t i v e  number and s i z e  d i s t r i b u t i o n  w a s  es t imated  
f o r  t h e  s w e l l a b l e  pores  of Mary Lee (MRI, PSOC-271) and Black Creek 
(MRI) coa l  seams of Alabama and t h e  I l l i n o i s  no. 5 (PSOC-699) seam. 
The c o a l  samples were obtained from t h e  Mineral Resources I n s t i t u t e  
(MRI) a t  t h e  Univers i ty  of Alabama and t h e  Penn S t a t e  Coal Sample 
Bank (PSOC) a t  Penn S t a t e  Universi ty .  The pore s i zes  deduced from 
these  s t u d i e s  were c o n s i s t e n t  with those  deduced by mercury 
penet ra t ion  s t u d i e s  c a r r i e d  o u t  a s  a func t ion  of pressure .  It  w a s  
found ( 3 )  t h a t  t h e  s i z e  and number d i s t r i b u t i o n  of pores  deduced from 
t h e  s p i n  probe concent ra t ion  is d i f f e r e n t  f o r  each coa l  seam. For  
ins tance ,  t h e r e  are 5 t i m e s  a s  many swel lab le  pores  of t h e  shape of a 
long cha in  s tearamide ( length  3.4 nm) i n  Mary Lee coa l  as t h e r e  are 
i n  Black Creek c o a l ,  while  t h e r e  a r e  18 t i m e s  a s  many s h o r t  cha in  
( 1 . 2  nm length)  c y l i n d r i c a l  pores  and only 0.3 times a s  many medium 
length c y l i n d r i c a l  pores .  Further  d e t a i l s  of t h e  s i z e  and number 
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distribution reported earlier, can be found in Table 2 of reference 
3. 

It was also observed ( 3 )  that the nitrogen coupling in the 
principal z direction of the incorporated spin probe (those with a 
diameter or length greater than 1 nm) exhibited a temperature 
dependence above 250 K that is largely a result of librational motion 
of the nitroxide moiety about the N-C bond. Below 250 K, the 
temperature dependence of the nitrogen coupling is like that found 
for spin probes in solids that exhibit an equilibrium between a 
nonbonded and a hydrogen bonded state: the hydrogen bonded state 
exhibiting the larger coupling. The possibility of hydrogen bonding 
may suggest a mechanism whereby the spin probes are incorporated in 
the porous structure of the coal samples. 

While the earlier study (3) dealt largely with determining the 
number distribution for swellable pores with diameters between 0.46 
nm and 3.5 nm, no attempt was made to study reactive site 
distributions and whether a hydrogen bonding mechanism is an 
important mechanism for spin probe incorporation in pores of the coal 
samples. 

Thus this study reports the results of a series of similar but 
small sized spin probes ( - 0.6 nm in diameter), each containing a 
different reactive substitutent,to determine the number distribution 
of reactive sites containing acid, phenol and amine substituents. 
The smaller size of the spin probes with reactive sites, will permit 
a measure of all accessible sites with diameters greater than 
approximately 0.6 nm. 

In addition, a study was made to differentiate hydrogen-bonding 
to the nitroxyl group from that of a substitutent group in swellable 
pores with diameters of approximately 0.4-0.6 nm. 

EXPERIMENTAL 

Samples of Mary Lee (MRI), Black Creek (MRI) and Illinois no. 5 
(PSOC-669) high-volatile bituminous coal from the stock samples 
previously studied ( 3 )  and samples of Illinois no. 6 obtained from 
the Premium Coal Sample Program at the Argonne National Laboratory 
were selected for study. The proximate and ultimate analyses for all 
coals except Illinois no.6 have been previously given (3) while the 
ash free percentage by weight values of the Illinois no. 6 sample 
equal C (79%), H (5.6%), 0 (9.7%), and S (5.4%). All coal samples 
were stored under a blanket of N2 except Illinois no. 6 which arrived 
in sealed ampoules under humid nitrogen. Upon opening, the samples 
were stored under N2 or argon. 

dried and unmodified sample of each coal was 
added to a 10- M solution of nitroxide spin probe in toluene. Six 
different spin probes (I-VI), obtained from Molecular Probes, Inc. 
Junction City, Oregon, were used. These probes were selected because 
they are all of similar size and because spin probes I and I11 react 
with amines, spin probes I1 and IV react with acids and phenols and 
spin probes V and VI can be used to distinguish between hydrogen 
bonding to a ketone and to a nitroxyl group. 

A 30 mg ?ized, 
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IV V VI 

Each coal and spin probe mixture was stirred vigorously at 50- 
6OoC in a sealed flask. After 16-18 hours, the excess toluene was 
suction-filtered off and the remaining solid material evacuated to 
dryness to collapse the coal around the spin probe. The dried 
material was washed with ethanol (a nonswelling solvent) to remove 
any spin probe attached to the exterior of the coal, suction filter- 
ed, packed into an EPR sample tube, evacuated and sealed. The prepar- 
ed spin-probe-doped coal sample was stored under liquid nitrogen. 

EPR powder specta were recorded on a Varian E-12 EPR 
spectrometer interfaced to an IBM-XT for each sample as a function of 
temperature (77-335 K) using the standard Varian variable-temperature 
and liquid nitrogen accessory. The magnetic field was calibrated 
using a Bruker ER 035 M NMR Gaussmeter and the microwave frequency 
was measured with a model H/P 5246 L frequency counter. EPR spectra 
were recorded on disk with an IBM-XT using the EPRDAS software 
program from Adaptable Laboratory Software. For spectra recorded 
only on graph paper, input to disk was achieved by use of a Kurta 
Tablet Digitizer using Sigma-Scan software. A computer program has 
been developed using .the ASYST language (MacMillan Software) to 
calculate the relative concentration of spin probes in different coal 
samples in the presence of the severe spectral overlap by the EPR 
spectrum of the undoped coal. The computer program has also been 
expanded to analyze temperature dependent coupling constants in terms 
of hydrogen-bond equilibrium or/and small amplitude librational 
motion. Output is to a HIP 7440 A Plotter. 

RESULTS : 

EPR spectra obtained from coal samples containing spin probes 
gave rise to a spectrum similar to that shown in Figure 1, consisting 
of an intense central line due to undoped coal (curve 13) and, at high 
gain (Curve A), resolved powder EPR lines at high and low magnetic 
fields due to the z tensor component of the nitrogen hyperfine 
coupling (Azz) arising from the nitroxide spin probe dopant. The 
separation between the high and low field component equals 2A The 
relative spin concentrations were determined by integrating '&e low 
field peak. The relative spin probe concentration is given in table 
I for probe I (reacts with amines), probe IV (reacts with acids and 
phenols), probe V (hydrogen bonding only to the nitroxyl group) and 
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3196. 3236. 3276. 

Figure 1. EPR spectrum of a spin probe in a sample of Black Creek 
coal at (A) high gain (X10) and (B) at low gain (Xl) at 
300 K. 
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Figure 2. 2Azz against temperature for spin probe VIII (DCT- 

Tempamine) incorporated in a sample of Illinois no. 6 
(premium coal) : *, experimental data; ----- , librational 
model: -, hydrogen-bond equilibrium. 
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probe VI (hydrogen-bonding to ketone and nitroxyl groups). The 
results for spin probes I1 and I11 are not reported here. 

Table I. Relative Site Distribution for Spin Probes I, IV, V and VI. 

Spin Probes* 
NO 

I (COOH) IV (-NH2) V (sub.) VI (=O) 
Coal Sample Base/acid reaction hydrogen bonding 

Mary Lee 220 67 
Black Creek 230 1550 
Illinois no. 5 100 53 
Illinois no. 6 14 164 

24.0 1.0 
5.3 5.0 
4.1 17.0 
4.9 11.0 

*Relative spin probe concentration normalized to probe VI in Mary Lee 
coal. 

Notably, the ratio of pores containing acid or phenolic groups 
to those containing amine groups is 1/3; 6.7/1; 0.5/1; and 12/1 for 
Mary Lee, Black Creek, Illinois #5 and Illinois #6 respectively. In 
addition, Black Creek coal has approximately 25 more sites containing 
acid or phenol groups than either Mary Lee or Illinois no. 5 coal 
samples, and nearly an order of magnitude greater than that found in 
the Illinois no. 6 sample. The sites containing amine functions are 
similar except for the Illinois no. 6 sample for which the amine 
concentration decreases by nearly an order of magnitude. It is 
interesting to note that more spin probe V (factor of 23) can be 
incorporated into Mary Lee (only one site available for hydrogen- 
bonding), than spin probe VI (2 sites for spin probe hydrogen- 
bonding), while the presence of hydrogen-bonding sites does not seem 
to matter for spin probe incorporation in Black Creek coal, but is a 
factor of 4 greater for VI in Illinois no. 5 and a factor of 2 
greater for incorporation of VI in Illinois no. 6. It is apparent 
from these measurements that the presence of an additional site for 
hydrogen bonding is of little importance in determining the amount of 
spin probe incorporated in small ( 0.4 to 0.6 nm) pores in samples of 
Mary Lee and Black Creek coal. 

(2Azz) 
for each spin probe exhibits a temperature dependence between 350 and 
77 K. It was previously shown for bulky or long chain spin probes 
( 3 )  that at high temperature, the temperature dependence of A,, is 
due to librational motion of the NO group of the spin probe with 
respect to the CNC plane of the nitroxide ring and is given by 
Equation 1 

The separation between the high and low field EPR lines 

=A:, [ l+cos (kt/Ea) 0*5] 1) 
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where E = the barrier to librational motion and AZz is a temperature 
indepen8ent hyperfine coupling. At temperatures below 270 K, the 
temperature dependence can be fit to an equation derived from the 
assumption that the spin probe exists in an hydrogen-bond equilibrium 
betweeh two states, one with a larger coupling due to hydrogen- 
bonding and the second to a non-bonding state. This type of 
dependence follows the solid line in Figure 2 and is noted by the 
near temperature independence at low temperature ( 3 ) .  Similar 
behavior is observed for spin labels tightly bound within hemoglobin 

Temperature dependent studies of 4-aminotempo-(IV) in Illinois 
no. 6 coal, Mary Lee, Black Creek, and Illinois no. 5, showed a very 
interesting dependence. A near perfect fit to the librational model 
(dashed line in Figure 2 )  occurred for the A ,(t) value observed for 
IV in the Illinois no. 6, Mary Lee and Bifack Creek and a small 
dependence of a hydrogen-bond model was observed for IV in Illinois 
no. 5 coal. In addition when the smaller spin probe tempo,(VII), 

(4) - 

VI1 

VI11 

(the OH substituted for NHZ in IV) was incorporated in Illinois no. 6 
it gave a temperature dependence of A,, that was clearly due only to 
a librational motion as the temperature dependence follows a straight 
line relationship. However the temperature dependence of DCT- 
tempamine, (VIII) incorporated in Illinois no. 6 exhibits a behavior 
like that found for other large spin probes - librational behavior at 
high temperature and evidence of hydrogen-bond equilibrium below 2 0 0  
K (See Figure 2 ) .  

In Table I1 are given the energy barriersto librational motion 
of the spin probes deduced from the temperature dependent hyperfine 
coupling parameter A z. Although the variation is not large, the 
large sized spin protie VI11 does have a higher barrier to rotation 
than IV, as would be expected for a large size probe trapped in the 
swellable coal pores. 

291 



Table 11: Energy Barrier to Librational Motion of Spin Probes in 
Four Coal Samples. 

Coal Spin Probe Ea (kJ/Mole) 

Illinois no. 6 
Illinois no. 6 
Illinois no. 6 
Mary Lee 
Black Creek 
Illinois no. 5 

IV 
VI1 
VI11 
IV 
IV 
IV 

6.69 (2.04) 
7.57 (2.04) 
8.59 (k.04) 
8.61 (2.03) 
7.88 ( 2 . 0 2 )  
7.26 (+.04) 

CONCLUSION 

The reactive site distribution detected by spin probes 
approximately 0.6 nm in diameter, varies from coal seam to coal seam. 
The detected acid and phenolic sites in Black Creek Coal and the 
Illinois No. 6 coal (Premium Coal Sample Program) exceed the detected 
amine sites by approximately an order of magnitude while slightly 
more amine than acid or phenolic sites are detected in samples of 
Mary Lee and Illinois no. 5. On the other hand, the greatest number 
of reactive acid and phenolic sites were detected in Black Creek 
coal. The ability for the coal pore to hydrogen bond to a spin probe 
was shown not to be an important process for incorporating spin 
probes in Mary Lee and Black Creek coal and only a slight factor in 
samples of Illinois no. 6, and Illinois no. 5 .  Because of this the 
number of swellable pores containing spin probes V and VI was at 
least an order of magnitude lower than the reactive sites containing 
I and IV. Spin probes V and VI exhibited large librational motion in 
the swellable pores. 
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INTRODUCI!ION 

Sequential solvent extraction of coal with a se r ies  of increasingly better 
solvents (Toluene, w, DMF, Pyridine) has been used t o  examine the effect  of a r t i -  
f i c i a l  weathering on several I l l ino is  coals . ( l )  
set of solvents w a s  recently employed by Kister, et el. on a low-rank French 
coal. (2) In both cases, each extract is soluble xl later  solvents and analysis 
of the en t i re  set of extracts  produces more information than extraction with a s ingle  
solvent. Because extracts  so isolated have experienced some fractionation and con- 
centration, FT-IR and GPC analyses of the extracts  often reveal subtle changes due t o  
chemical treatment, such as weathering, not obvious from analysis of the whole coals. 

A similar method w i t h  a different  

The avai labi l i ty  of premium coals is an opportunity for many laboratories t o  
study the e f fec ts  of both coal rank and coal weathering on a var ie ty  of properties of 
the same coals. 
and residues, GPC analyses of extracts, and solvent swelling of residues brought 
about by weathering of f ive Argonne Premium Coals are  the subject of t h i s  paper. 

EXPERIMBNTAL PROCEDURES 

changes in  sequential solvent extraction, PT-IR spectra of extracts  

Argonne Premium coal samples were dried t o  constant weight i n  an Abderhalden 
apparatus a t  100°C and 0.05 Torr (standard conditions) immediately prior to 
extraction or oxidation. 
dishes covered t o  exclude dust, but permit f ree  c i rculat ion of air, a t  ambient tem- 
perature and humidity for  a t  l eas t  f w r  months. 
week t o  promote uniform a i r  exposure and redricd to  constant weight before extrac- 
tion. Sequential solvent extraction of coals i n  the order: toluene, WP, DHF, 
pyridine followed the method described previously.(l) 
coal (7-10 g )  were exhaustively extracted w i t h  p l r i f ied,  Argon plrged, solvents i n  a 
Soxhle t  apparatus, under an Argon atmosphere. Extraction with each solvent was con- 
tinued unt i l  no color was vis ible  i n  the siphoning solvent for a t  l eas t  ten hours. 
A l l  extracts  and washing solvents were f i l t e red  through 0.45 um Nylon membrane 
f i l t e r s  before vacuum evaporation and standard drying t o  constant weight. Residues 
plus DMF and pyridine extracts  were washed several times w i t h  80% methanol/water t o  
remve those solvents. 

Samples were oxidized a s  thin layers, i n  recrystal l iz ing 

Weathering coals were s t i r red  once a 

samples of coal and oxidized 

G e l  Permeation chromatography (GPC) analyses of a l l  extracts were determined on 
pyridine solutions (6mg/mL) using a t r a i n  of three Ultragel columns w i t h  pyridine 
mobile phase.(l) RBr pe l le t s  (3.0 mg sample/300 mg m r )  were prepared in  an 
nitrogen flushed glove bag and dried under stand rd conditions t o  reduce surface 
moisture. FT-IR spectra were collected a t  2 an-' resolution on a Nicolet 20-DXB 
spectrometer. 
w i t h  N,N-dimethylaminopyridine (W) as a catalyst. Volumetric solvent swelling of 
residues with dry, d i s t i l l e d  solvents followed standard methods. ( 4 )  

Phenol contents were determined by the Blom acetylation procedure(3) 

RESULTS AM) DIS(USS1ON -- 
Analytical data for  coals, oxidized coals, and two residues are  presented i n  

Table 1. Preliminary elemental analyses of the coals a re  based on many analyses by 
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several labs, the values for  the oxidized coals are from single samples. The w e l l -  
known problem of comparing such data sets are  i l lus t ra ted  by the %C values for fresh 
and oxidized samples of coals 1, 3, and 4. The expected decrease in  carbon content 
w i t h  oxidation is not shown. 
volumetric solvent swelling ra t ios  of extraction residues are l i s ted  with the coals 
they were derived from in Table 1. The effect  of oxidation on solvent  swelling is 
both rank and solvent dependent. A decrease in  swelling correlates  with an increase 
i n  cross-linking, e i ther  from covalent or hydrogen bonds. Swelling of fresh coals 
increases and then decreases with rank, as does the extractabi l i ty  reported i n  Table 
2. Total extract yield does not correlate  d i rec t ly  with swelling in any single 
solvent, but  swelling ab i l i ty  of the solvent is clear ly  important in  determining 
extract yield. 
correlate  w i t h  oxygen contents of the or iginal  coals, showing that ethanol is an 
hydrogen bond donor i n  swelling experiments. Except for  C o a l  #I, changes in  toluene 
and ethanol swelling caused by oxidation correlate  with the change i n  t o t a l  extract- 
ab i l i ty  and show that room temperature oxidation can cause either a net increase or 
decrease in  cross-linking depending on the rank of the coal. 

using alkylation with NMR and F F I R  spectroscopy t o  measure phenols, found the phenol 
content of a Monterey I l l ino is  6 coal to be close to  our resul t  for  Acgonne 113, but 
observed no change upon weathering for several months, in contrast t o  the increases 
we measured for  the coals  i n  Table 1. 
oxidation procedures or it may indicate that t h e  Blom acetylation procedure is count- 
ing a s  phenol other reactive groups in coals through transesterification or anhydride 
formation. 
high phenol analyses. Residues of our ox'idized coals usually have fewer phenols than 
residues of f resh coals. 

Sequential solvent extractions are tabulated in  Table 2 and summarized i n  Figure 
1. Variations i n  t o t a l  yield with rank are consistent with early work by Dryden.(6) 
I n  th i s  and previous s tud ies ( l ) ,  we have shown that  t o t a l  extract yields are reprodu- 
c ib le  to within + 0.5%; that  changing the  order of extraction t o  pyridine, toluene, 
WP, DW does noF change the t o t a l  extract yield: and that pyridine removes over 97% 
of a l l  soluble material when it is the f i r s t  solvent in the sequence. 
solvent extractions with T I P  or DW on several I l l i n o i s  coals, yields equal the sum 
of the sequential extraction yields  for  a l l  solvents up through that  solvent i n  the 
sequence. We believe that each solvent in the sequence can dissolve everything 
removed by previous solvents plus additional material made soluble by the increased 
swelling and solvating power of that solvent. 

Extracts and residues which have been i n  contact with DMP or pyridine were 
washed w i t h  80% methanol/water to  remve these solvents. 
coal did t h e  methanol washes extract highly colored material and leave a s ignif icant  
residue (> 0.1%) a f t e r  evaporation. -11 amounts of colloidal material were iso- 
lated from the membrane f i l t r a t i o n  of ext rac ts  from oxidized #2 and #3 coals.  or 
material balance prposes, methanol solubles were counted as  part of to ta l  (but not 
individual) extracts  and colloids as part of residues. 

carbon values of the fresh coals for  comparison. Individual solvent extract yields 
for fresh coals have been plotted on the  same graph t o  i l l u s t r a t e  the variation with 
rank for each solvent i n  t h e  sequence. 
i t y  w i t h  'early' solvents such as THF to measure the extent of some reaction within 
coal risk miksing production or loss of material which may be of a s ize  and polar i ty  
t o  dissolve in  that solvent bu t  which remains trapped in  the coal pores because of 
the poor swelling character is t ics  of the solvent. 

Additional analyses of both sample sets are  needed. 

Differences in  swelling between toluene and anhydrous ethanol 

Phenol contents of fresh coals generally increased w i t h  weathering. Liot tafS) ,  

This may ref lect  differences between coals or 

This would cause oxidized coals, which contain esters  or acids, t o  give 

In single 

Only for  the sub-bituminous 

On Figure 1, t o t a l  extract yields for  oxidized coals have been plotted at the 

Studies which use single solvent extractabi l -  

Of p a r t i a l a r  note is the unusual pattern of individual solvent extract yields 
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of coal #I i n  contrast to  the 'normal'(6) t o t a l  extract  yield for  a coal of th i s  
rank. Only 
with the effective swelling solvents, DMF and pyridine, can the potent ia l ly  soluble 
material diffuse out of the  coal network. WIR spectra of extracts  (below) support 
th i s  view. 
of slow diffusion of extracts  from the coal. In general, extraction t ime aorrelated 
w i t h  extract yield and solvent viscosity. 

This may be due to the low swelling of t h i s  coal in the ear ly  solvents. 

DHP extraction of coal #I took nearly a month t o  reach completion because 

DMF extractions were always the slowest. 

Only the two lowest rank coals showed significant changes in  t o t a l  extract  yield 
a f te r  a r t i f i c i a l  weathering. 
and Bruceton (hvAb) coal(7) led u s  to  expect reduction i n  extract  yield to  be more 
general than observed. 
ab i l i ty  when Bruceton coal was heated a t  80°C, in  contrast t o  our resu l t s  for  coal 
14. 
t o  a decrease in  extractabi l i ty  apparently have large f ree  energies of activation. 
Larsen's values for pyridine solvent swelling of the Bruceton coal showed little 
change upon oxidation and f a l l  between our values for  fresh and oxidized coal 14 
(Table 1). 

Previous resul ts  with a var ie ty  of Illinois coals( l ,5)  

Larsen(7) found a significant decrease in  pyridine extract- 

If the different resul ts  are due t o  oxidation temperature, the reactions leading 

Changes in F F I R  spectra of sequential extracts  upon oxidation were much more 
str iking than changes i n  the spectra of whole coals or insoluble residues, consistent 
with the idea that  sequential solvent extraction fract ionates  and concentrates mobile 
material from coal. Smaller, mobile molecules are  more reactive and change more upon 
weathering than t h e  insoluble network. Figures 2 and 3 present F T - I R  spectra of the 
toluene and pyridine sequential extracts  from coal #I (el, oxidized coal #1 (A) ,  and 
the difference (A-B). The new carbonyl peak a t  1722 cm- is barely vis ible  in the 
difference spectrum of #l-OX - 01 coal. 
in oxidized coals and is suggested t o  be due esters.(8) I t  is observed i n  several 
sequential extracts  of coals 1-OX, 2-OX, 3-0X, 4-0 , and 5-OX i n  t h i s  study and is 
always accompanied by bands 
The 1722, 1260, and 1102 an-'bands are more prominent i n  extracts  of higher rank 
coals. 
and 3-OX. That they occur a t  a l l  in  pyridine extracts, produced from coal exhaus- 
tively extracted by toluene, "W, and DMF, is consistent with t h e  idea tha t  the 
superior swelling ab i l i ty  of pyridine is allowing material similar t o  the toluene 
extracts  t o  escape. 

which is a lso  present a t  low intensi ty  in polar extracts  of 1-OX, 2-0X, and 5-OX, and 
possibly as a shoulder in 1-OX, Figure 3. This band was ascribed by previous workers 
to quinone or related aryl  carbonyl functional groups.(8a,9) 
ized coals and their extracts  show a single, sharp band a t  750 - 725 an- . 
C-€i bending and mineral matter both produce sharp bands i n  t h i s  region, however these 
extracts  contain less than 2% ash. The source of t h i s  band is currently under inves- 
tigation and, i f  not an a r t i fac t ,  could serve as a simple marker for  weathering. 

molecular s ize  generally correlates  w i t h  extract yield.(6) 
Molecular Size Profi les  of coals #l, #1-OX, and #2. In each prof i le ,  GPC t races  of 
a l l  sequential extracts  from a coal are  plotted together. 
I l l ino is  coals similar to  #3 and #3-0x have been published previously. (1) Camparison 
of Figure 5 with 6 shows that  even though t o t a l  extract  yield was little changed by 
weathering, a larger f ract ion is being removed by DMF and t h i s  material came from the  
pyridine extract. Changes i n  the shapes of the GFC curves indicate that toluene is 
extracting a broader range of molecular sizes af te r  weathering and that  t h e  mP 
extract of t l -OX contains more oxygenated molecules than the other f ract ions.  GPC 
curve height is very sensitive t o  the presence of hydroxyl and carbonyl functional 
grOUps.(10) Comparison of Figure 5 with 7 i l l u s t r a t e s  changes due t o  rank i n  both 
average molecular s ize  and dis t r ibut ion of extracts. 

This new band has been observed previously 

ar 1260 and 1102 an-', consistent with ester formation. 

They are small, but vis ible ,  in  the THP and pyridine extracts  of coals 2-OX 

The difference spectrum of 3-OX (Figure 4) is dominated by a band a t  1666 cm-l, 

Many spect a of oxid- f Aromatic 

GFC analyses of the extracts  are consistent w i t h  Dryden's ear ly  observation tha t  
Figures 5 - 7 present 

Profiles for several 
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unprblished observations. 

Table 1 Analyses of Samples (DAF) 

Argonne % Solvent Swelling i n  
sample %c %H %N %S $0 A s h  Toluene Ethanol Pyridine 

- 8 1.31 1.43 1.68 #2a 74 5.1 0.5 19 
2-O& 70.68 5.77 0.75 0.28 22.60 10.16 1.61 1.52 1.82 

13 77 5.7 - 5.4 10 16 1.64 1.82 2.31 
3-ox 78.09 5.99 1.39 5.52 9.01 16.90 1.51 1.53 2.51 

-------1--1--_-_----l_________l_________----------------------------------- 

3-Resc 76.71 5.84 1.68 . 6.85 8.92 19.91 
3-Ox-Resc 76.89 5.55 2.32 6.24 9.00 18.85 

1 4  83  5.8 - 1.6 8 9 1.54 1.74 2.76 
4-ox 83.31 5.91 1.39 2.26 7.13 10.06 1.56 1.63 2.23 

11 07 5.5 - 2.8 4 13 1.17 1.05 1.31 
1-ox 87.29 5.37 1.53 3.00 2.81 11.23 1.59 1.37 1.75 

15 91 4.7 - 0.9 3 5 1.06 1.11 1.10 
5-OX 69-72 4.95 1.17 0.21 3.95 4.22 1.02 1.05 1.06 

a Preliminary elemental analyses, Dr. Karl Vorres, A N L. 
b Air oxidation, ambient temprature and humidity, four mnths. Elemental 

c Insoluble residue from sequential extraction (Table 2). 

analyses for oxidized coals and residues by Galbraith Laboratories, Knoxville, 
TN. Ash determined by L.C. Warfel, ASTM D 3174. 
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Table 2 

.- 
I I '  I '  

,, A I  A, ' 

Sequential Solvent Extraction Yields 
Weight % 

Argonne Toluene THF MP PY Total Insoluble Material 
Sample Extract Extract  Extract Extract  Extract  Residue Balance 

82 2.16 1.38 1.76 0.34 G e l a  91.8 97.9 
2-ox 2.35 0.97 3.52b 0.54 9.0' 86.9 95.9 

I jd 7.08 7.16 11.40 O.RG 27.1 75.5 102.6 
3-OX 5.18 5.08 7.38 0.54 18.2 84.8 103.0 

#4 5.80 8.18 10.35 0.64 25.0 76.0 101.0 
4-ox 5.72 7.78 10.97 1.18 25.6 73.7 99.3 

#ld 0.58 0.16 12.63 7.56 20.9 71.9 98.8 
1-ox 1.12  0.19 17.37 1.45 20.1 76.3 96.4 

# 5  0.40 0.24 0.25 0.30 1 . 2  100.2 101.4 
5-OX 0.37 0.37 0.48 0.28 1.5 96.3 97.8 

a Includes 0.44% material  recovered from the t.l.?Oii/i120 wash of the  residue. 
b An additional 1.20% was recovered from the MeOH/H20 wash of t he  extract. 
c Includes 0.37% mater ia l  recovered from the  tk0H/HZO wash of the residue. 
d Average of dupl ica te  extractions. 

1 8 -  

14- 

l e -  

1 18- 

3 
1 " 11- 

I- 

I -  

#- 

ext rac t ion  y i e ld  a s  a 
function of rank (% C) 
for Argonne Premium 
Coals Ai-Ag. 
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Figure 2 FT-IR spectra of toluene extracts  from Argonne 111. 
A) Oxidized coal ,  B )  Fresh coal ,  C) Difference A-B. 

I 
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Figure 3 FT-IR spectra of pyridine extracts  from Argonne R1.  
A) Oxidized coal, B) Fresh coal ,  C) Difference A-R. 298 



Figure 4 FT-IR spectra of pyridine extracts  from Argonne 113. 
A) Oxidized coal ,  B) Fresh coal ,  C )  Difference A-B. 

MOLECULAR SIZE PROFILE I 

Figure 5 GPC traces from Acgonnc #l. Vertical bars indicate fract ion 
of tota l  extract removed by indicated solvent .  
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MOLECULAR SIZE PROFILE 
GPC IN PYRIDINE 

Ox-coal 0911 

Figure 6 GPC traces  from Arqonne #l -OX.  Vertical bars indicate fract ion 
of t o t a l  extract removed by indicated solvent .  

MOLECULAR S I Z E  PROFILE I 

Figure 7 GPC traces' from Arqonne 112. 
of t o t a l  extract removed by indicated solvent .  

vert ica l  bars indicate fraction 
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ATTEMPTED DEVELOPMENT OF A "WEATHERING INDEX" FOR ARGONNE PCSP COALS 

Yongseung Yun, Barbara L. Hoesterey, Henk L.C. Meuzelaar and George R. Hill 

391 S. Chipeta Way, Suite F, Research Park 
Salt Lake City, Utah 84108 

Biomterials Profiling Center, University of Utah 

INTRODUCTION 

It is well known that weathering has a profound effect on many important coal 
properties such as coking characteristics, slurry pH, flotabil ity, tar yield, 
extractability, etc., as well as on coal utilization processes such as combustion, 
pyrolysis, gasification and liquefaction. However, since coal is a very hetero- 
geneous material and its properties differ according to rank and seam, it is very 
difficult to define reliable standard values for the degree of weathering. 
Therefore, most methods for determining the degree of weathering provide relative 
values and have practical usefulness only if measured values can be calibrated 
against coal samples weathered under carefully standardized conditions. Since 
fresh samples from several standard coals are now available from the Argonne 
Premium Coal Sample Program (PCSP) systematic studies of the weathering behavior 
of these coals have become practical as well as timely. 

In the past, many different attempts have been made to measure the degree of 
weathering of a given coal sample. One of the more obvious approaches is perhaps 
to determine the oxygen content by oxidative (1,2), reductive (3,4), or pyrolytic 
methods (5). Alternatively, oxygen content can be measured directly by neutron 
activation analysis ( 6 ) .  However, the uptake of oxygen by a given coal can be 
offset to a significant degree by the concomittant loss of CO2, CO and H20 
( 7 ) ,  thus making the net increase in oxygen content far from easily predictable. 
Moreover, most oxygen measurement techniques are notoriously time-consuming and 
unreliable. 

Workers in the coke producing industry have known for a long time that caking 
properties of coal change dramatically upon weathering. Consequently, they have 
tried to develop simple and practical methods for determining the degree of 
weathering. Gray et. (8) suggested an alkali-extraction method as one of 
several candidates. Lowenhaupt and Gray (9) applied this a1 kal i-extraction method 
using light transmittance as an index of weathering for high to low volatile 
bituminous coals. The fact that coal swelling properties change dramatically when 
a caking coal is weathered presents many potential opportunities for determining 
the weathering status. Swelling properties of coal can be measured by means of 
Free Swelling Index (FSI), dilatation, Gieseler fluidity or gas flow resistance 
tests (10,ll). 
Gieseler fluidity (12,13). In the early stage of weathering, Gieseler fluidity 
appears to be the most sensitive of the three methods. However, Gieseler values 
tend to drop to zero after some oxidation time. 
weathering conditions, however, FSI is a good index of weathering, especially in 
the FSI range between 1 and 4 (14). 

Fourier Transform Infrared Spectroscopy is known to show an increase in car- 
bonylic, carboxylic and phenolic groups as well as a decrease of aromatic and 
aliphatic moieties. Huggins et al. (15) proposed the ratio of reflectance in the 
carbonyl band region to that region of the aromatic and aliphatic C-H 
stretch bands as a possible weathering index. 

Thermal analysis methods, e.g., thermogravimetry (TG), as well as analytical 
pyrolysis techniques (e.g., pyrolysis MS (Py-MS)) also show a strong response to 
weathering. Izuhara 

For strongly caking coals FSI is not as sensitive as dilatation or 

Under moderate and severe 

(16) used the change of maximum weight loss rate in TG 
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as  a weathering parameter, whereas Jakab 
show t h a t  the evolution p r o f i l e s  of several components (carboxylic acids ,  
naphthalenes, methanol, water, e tc . )  were qui te  d i f f e r e n t  when coal was weathered. 

The Zeta potent ia l  of coal p a r t i c l e  suspensions i n  H20 can a l so  be a good 
indicator  of weathering. Since weathered coal shows poor f l o t a t i o n  character- 
i s t i c s ,  several  s t u d i e s  were undertaken t o  understand t h i s  phenomenon i n  more 
de ta i l  (18-20). In general ,  weathered coal shows lower Zeta potent ia l  values than 
fresh coal. 

Another important f e a t u r e  of weathered coal is  i t s  ac id ic  character. Thus, Gray - a l .  (8) suggested coal s l u r r y  pH measurement method a s  one of several candidate 
techniques f o r  determinating weathering s t a t u s .  They reported s l u r r y  pH changes 
from 7.1 t o  5.5 f o r  f resh and severely weathered Pocahontas #3 coal ,  respectively. 
Hill e t  a l .  (21) appl ied t h i s  idea t o  subbituminous (Adaville #6) coal ,  but added 
0.01 =surfactant t o  the s l u r r y  i n  order t o  enhance the wetting of coal w i t h  
water. For f resh and moderately weathered (1 t o  6 days a t  1000 C)coals, they 
reported pH changes from 7.2 t o  5.0 and applied t h i s  r e s u l t  t o  coal samples 
obtained from coal s torage p i l e s  in order t o  estimate concomittant btu losses .  
When coal is exposed t o  a i r ,  oxygen, hydrogen peroxide, n i t r i c  ac id ,  potassium 
permanganate, and o ther  oxidizing agents ,  mixtures of water soluble  ac ids  a r e  
formed. For bituminous coal ,  chromatographic and mass spectrometric s tud ies  show 
tha t  these ac ids  c o n s i s t  mainly of benzoic, phthal ic ,  m e l l i t i c  and t r i m e l l i t i c  
acids and their  isomers (22). Py-MS r e s u l t s  a l s o  show an increase of shor t  chain 
carboxylic ac ids ,  e.g., a c e t i c  acid,  during weathering (23). Moreover, i n  some 
cases phtha l ic  anhydrides can be detected by FTIR (24,25) as  well a s  by time- 
resolved Py-MS (26). I f  these  phthal ic  anhydrides formed due t o  weathering can 
be hydrated t o  the f r e e  acid form, then simple s l u r r y  pH measurements can be used 
as  a method of detect ing t h e  degree of weathering, a s  wi l l  be shown i n  t h i s  
presentation. 

Even though some success  was reported w i t h  the use of s l u r r y  pH a s  an index of 
weathering, i t s  prac t ica l  use appeared t o  be l imited t o  severely weathered coals  
and some low rank coals .  Here we repor t  a modified and improved sample preparation 
t i t r a t i o n  method which overcomes these l imitat ions.  

(17) used time-resolved Py-MS t o  

EXPERIMENTAL 

One t o  two pound a l i q u o t s  of 2-4" s ized  PCSP coals  were obtained submersed under 
water i n  sealed metal cans. 
atmosphere overnight and then ground t o  -60 mesh in a ba l l  mill under nitrogen. 
Ground coals  were t ransfer red  t o  25 ml polyethylene v i a l s  in  a glove box f i l l e d  
w i t h  nitrogen and s tored  a t  -90%. 

Twenty gram a l i q u o t s  (-60 mesh) of a l l  e igh t  PCSP coals  were exposed t o  a dry a i r  
flow (10 ml/min) i n  a 100 ml g lass  reac tor ,  a t  lOOOC f o r  8 days. 
Canyon seam coal was weathered f o r  2 ,  4, 6 and 8 days i n  separate g lass  reactors  a t  
100°C and t h e  Pi t tsburgh #8 seam coal was weathered a t  150OC f o r  1 and 3 days 
i n  order t o  determine the  e f f e c t s  of weathering time and temperature, 
respecti vel y . 
Weathered coal samples were then t ransferred t o  a Parr 4745 general purpose 
digestion bomb. 2.0 g of coal were mixed w i t h  20 ml deionized water and was put i n  
a 23 ml Teflon container  and heated t o  150OC f o r  2 hours. Subsequently, the bomb 
was cooled under t a p  water f o r  10 minutes. Next the coal s lur ry  was t ransferred t o  
a polystyrene beaker f o r  pH measurements. 
rinse remaining coal from t h e  te f lon  container. Res is t iv i ty  of t h e  deionized water 
used was more than 16 Meg ohms-cm. 
DL40RC t i t r a t o r  using a 20 ml buret te  w i t h  0.01 ml t i t r a n t  (0.01N NaOH) increments. 

Coals were dr ied  w i t h  Dr ie r i te  i n  a nitrogen 

The Blind 

20 m l  of deionized water were used t o  

pH t i t r a t i o n s  were performed w i t h  a Mettler 
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RESULTS AND DISCUSSION 

I n  e a r l i e r  weathering s tud ies i nvo l v ing  a subbituminous Adav i l l e  coal (21), d i r e c t  
pH t i t r a t i o n  a t  ambient temperature showed a marked increase i n  a c i d i t y  by more 
than 2 pH u n i t s  a f t e r  exposure o f  the coal sample t o  a i r  a t  100°C f o r  6 days. 
However, subsequent pH t i t r a t i o n  experiments w i t h  coals o f  d i f f e r e n t  rank, 
i nc lud ing  Wyodak ( s u b b i t / l i g n i t e ) ,  Hiawatha (hvBb) and Freeport (mvb) coa ls  gave 
negative or  ambiguous r e s u l t s  under the  same weathering condit ions. 
Py-MS analyses o f  t he  same coals showed a d i s t i n c t  increase i n  carboxy l ic  and 
carbonyl ic  f unc t i ona l  groups (23). I n  subsequent Py-MS s tud ies o f  the weathering 
behavior o f  i nd i v idua l  macerals (26), s t rong s ignals  were noted which appeared 
a t t r i b u t a b l e  t o  anhydrides o f  p h t h a l i c  ac id  and/or o ther  aromatic acids. This  
provided us w i t h  a poss ib le  c lue t o  the  observed lack  o f  s t rong pH changes s ince 
anhydride formation would e f f e c t i v e l y  remove the a c i d i c  protons. 
attempt was made t o  re-hydrate the  weathered coal samples before carry ing ou t  pH 
t i t r a t i o n s .  As described under Experimental, rehydrat ion was ca r r i ed  ou t  a t  
150% i n  te f l on - l i ned  Parr bombs. As shown i n  Figure 1 and subsequent f i g u r e s  
t h i s  procedure was found t o  be very simple as we l l  as e f f e c t i v e  i n  " restor ing"  
the a c i d i t y  o f  a l l  weathered coals invest igated thus f a r .  
so lu t i on  ext racted dur ing the rehydrat ion procedure, however, ind icated t h a t  
C02+ fragment from ac ids and ace t i c  ac id  were the  main products, no t  p h t h a l i c  
acid. 
method. Figure 1 f u r t h e r  suggests t h a t  the i n i t i a l  pH can a l so  be a good 
weathering index f o r  Utah B l i n d  Canyon coal. 

Figure 2 shows the e f f e c t  o f  weathering du ra t i on  on pH and r e p e a t a b i l i t y  o f  the 
method. 
therefore lower pH values are obtained. 
analyses on the same weathered coal may be due t o  temperature va r ia t i ons  o f  the 
so lut ion.  
problem. 

Figure 3 shows the e f f e c t  o f  d i f f e r e n t  coal rank, v i z .  low v o l a t i l e  bituminous 
( l v b )  t o  l i g n i t e .  
dur ing weathering. 
between f r e s h  and weathered coals  reveals even more c l e a r l y  the  e f f e c t  o f  rank. 
Difference spectra obtained by Py-MS analys is  o f  coals o f  d i f f e r e n t  rank confirmed 
t h i s  observation by showing t h a t  s t r u c t u r a l  changes i n  mvb Upper Freeport coal were 
on ly  about 30% o f  those observed i n  subbituminous Wyodak coal when weathered a t  
l O O O C  (23). 

Possible deposit ional e f f e c t s  f o r  f ou r  coals o f  s i m i l a r  rank (hvb) are shown i n  
Figure 4. Profound d i f f e rences  i n  terms o f  the i n i t i a l  pH as we l l  as t h e  slope o f  
the t i t r a t i o n  curve are found. Lewiston - Stockton coal has the h ighest  i n i t i a l  
pH. This i s  thought t o  be due t o  major d i f ferences i n  deposi t ional  environments. 
Although Lewiston-Stockton coal and Pi t tsburgh #8 coal show very s i m i l a r  t i t r a t i o n  
curves the d i f f e rence  o f  the i n i t i a l  pH i s  most noticeable. 
coals, I l l i n o i s  #6 coal produces the most a c i d i c  so lut ion.  This  may be due t o  
i t s  higher s u l f u r  content (and/or higher surface area) than other coals. 

The ef fect  o f  weathering temperature i s  shown i n  Figure 5. Note the dramatic pH 
d i f f e rence  a f t e r  on ly  1 day a t  15OoC as contrasted t o  up t o  8 days weathering 
a t  100°C. This  suggests t h a t  the weathering temperature may be the most 
important va r iab le  i n  weathering. 

I n  conclusion, a simple pH t i t r a t i o n  method based on rehydrat ing coal s l u r r i e s  
w i t h  water a t  150OC was proved t o  be a successful way o f  moni tor ing weathering 
e f f e c t s  i n  a l l  8 ANL-PCSP coals. 
concentrat ions should perhaps be increased t o  compensate f o r  the decreased 

Nevertheless, 

Therefore, an 

Py-MS analys is  o f  t h e  

Thus more de ta i l ed  s tud ies are needed t o  c l a r i f y  the chemistry behind t h i s  

Clear ly ,  as coal i s  weathered, more a c i d i c  products are dissolved out  and 
The small d i f ferences between repeat  

More prec ise s tandard izat ion o f  t he  method i s  planned t o  overcome t h i s  

As expected, lower rank coals produce more a c i d i c  products 
The d i f f e rence  i n  the amount o f  t i t r a n t  needed t o  reach pH 8 

I n  contrast  t o  these 

For LVB and higher rank coals, however, s l u r r y  
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s u s c e p t i b i l i t y  t o  low temperature weathering. 
e luc idate the  s t r u c t u r a l  moiet ies responsible f o r  t h e  observed d i f ferences i n  the  
shape o f  t h e  t i t r a t i o n  curves. Moreover, de ta i l ed  character izat ion o f  the low MW 
components ext racted by the  rehydrat ion procedure i s  expected t o  y i e l d  important 
information on the  underlying mechanisms o f  the weathering process. 
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weathered coal a t  1OOOC. 
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STRUCTURAL INFORMATION FROM THE SELECTIVE METHYLATION OF ACIDIC 0-H AND C-H 
SITES I N  AN ARGONNE PREMIUM COAL SAMPLE* 

R. R i f e  Chambers, Jr., E. W. Hagaman and M. C. Woody 

Chemistry D i  v i  s i  on 
Oak Ridge Na t iona l  Labora tory  

Oak Ridge, Tennessee 37831-6197 

INTRODUCTION 

With t h e  es tab l i shment  o f  t he  Argonne Premium Coal Sample Program ( l ) ,  a 
long-term supp ly  o f  a l i m i t e d  number o f  coa l  samples f o r  bas ic  research has become 
a v a i l a b l e  t o  t h e  coa l  research community. These coa ls  o f f e r  t h e  advantage o f  hav ing  
been processed and s to red  under the  c o n t r o l l e d  cond i t i ons  o f  r e l a t i v e  humid i ty ,  tem- 
pe ra tu re ,  minimum oxygen exposure, e tc .  Since spec ia l  care  has been taken t o  i n s u r e  
sample homogeneity. d i r e c t  i n t e r - l a b o r a t o r y  comparisons o f  exper imenta l  r e s u l t s  w i l l  
now be poss ib le .  Furthermore, i t  w i l l  now be poss ib le  t o  eva lua te  t h e  chemical and 
phys i ca l  changes which accompany the  long- te rm s to rage o f  coal .  

RESULTS AND DISCUSSION 

I n i t i a l l y ,  it w i l l  be necessary t o  f u l l y  cha rac te r i ze  t h e  phys i ca l  and chemi- 
c a l  p r o p e r t i e s  of these samples by a v a r i e t y  o f  chemical and spec t roscop ic  means. 
It has been demonstrated t h a t  impor tan t  coa l  s t r u c t u r a l  i n f o r m a t i o n  can be 
es tab l i shed  by t h e  a p p l i c a t i o n  o f  s e l e c t i v e  chemical m o d i f i c a t i o n  reac t i ons  t o  
d e r i v a t i z e  independent ly  t h e  a c i d i c  0-H and C-H s i t e s  i n  coal .  For  example, i t  i s  
p o s s i b l e  t o  0 - a l k y l a t e  t h e  phenols and ca rboxy l i c  ac ids  i n  b i tuminous  and sub- 
b i tuminous  coa ls  by r e a c t i o n  w i t h  hydrox ide  and m t h y l  i o d i d e  ( 2 )  o r  methyl  t o s y l a t e  
(3 ) .  S o l i d  ( 2 ~ ~ 4 )  and s o l u t i o n  (2b) 1% NMR o f  coa l  d e r i v a t i v e s  prepared w i t h  
C-13 enr iched me thy la t i ng  agents have es tab l i shed  t h a t  indeed 0-methy la t ion  o f  phe- 
n o l s  and c a r b o x y l i c  ac ids  does occur. On t h e  o the r  hand, i t  i s  apparent t h a t  
s i g n i f i c a n t  C - a l k y l a t i o n  a l s o  occurs under t h e  phase- t rans fer  0 - a l k y l a t i o n  proce- 
dure  developed by L i o t t a  (2 ) .  For example, as much as 30% o f  t he  chemis t ry  i s  C -  
a l k y l a t i o n  when I l l i n o i s  No. 6 hvCb i s  t h e  coa l  and t h e  a l k y l a t i o n  cond i t i ons  a re  
tetrabutylammonium hydrox ide  (TBAH) and methyl  i o d i d e  i n  aqueous THF (4) .  The 
reasons f o r  t h i s  phenomenon have never been es tab l i shed.  I t  cou ld  d e r i v e  f rom 
i o n i z a t i o n  and m t h y l a t i o n  o f  h i g h l y  a c i d i c  C-H s i t e s  o r  it may i n d i c a t e  com- 
p e t i t i v e  0- and C-methy la t ion  o f  phenoxide s a l t s  (5).  Whatever t h e  reason(s) ,  t h e  
r e s u l t s  c l e a r l y  demonstrate t h a t  a ' f i n e  t u n i n g '  o f  t h e  r e a c t i o n  c o n d i t i o n s  towards 
exc lus i ve  0 - a l k y l a t i o n  i s  des i rab le .  

i n  favo r  of  carboxy l  vs pheno l i c  0 -methy la t ion  by l i m i t i n g  t h e  amount o f  hydrox ide  
base and r e p l a c i n g  t h e  methyl  i o d i d e  o r  m t h y l  t o s y l a t e  w i t h  d imethy l  s u l f a t e  (6). 
S p e c i f i c a l l y .  t h e  coa l  i s  t r e a t e d  w i th  an excess o f  TBAH. 

. We have found t h a t  i t  i s  poss ib le  t o  ' f i n e  tune '  t h i s  0 -methy la t ion  r e a c t i o n  
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per iod  (16 h), t h e  excess base i s  n e u t r a l i z e d  w i t h  HC1. Th is  'back t i t r a t i o n '  w i t h  
a c i d  i s  monitored, a glass e lec t rode  be ing  used t o  eva lua te  t h e  pH o f  t h e  so lu t i on .  
A f t e r  e q u i l i b r a t i o n ,  t h e  r e s u l t i n g  coa l  anions a re  quenched w i t h  C-13, C-14 double 
l a b e l l e d  d imethy l  s u l f a t e .  The pH dependency o f  t h e  r e a c t i o n  i s  eva lua ted  by 
measuring t h e  t o t a l  number o f  i n t roduced  methyl  groups u s i n g  C-14 combustion ana ly -  
s i s  (7).  The number o f  methyl  es te rs  i n  t h e  a l k y l a t e d  coa ls  i s  de f i ned  as t h e  
number o f  hydrox ide  l a b i l e  methyl  groups measured by  h y d r o l y s i s  (8). Typ ica l  
r e s u l t s  a re  shown i n  Table 1 f o r  a nonpremium sample o f  I l l i n o i s  No. 6 hvCb. As 
expected, t he  degree o f  me thy la t i on  i s  a s e n s i t i v e  f u n c t i o n  o f  t h e  s o l u t i o n  pH. 
Over t h e  pH reg ion  2-12, t h e  t o t a l  number o f  added methyls inc reases  w i th  an 
inc rease i n  s o l u t i o n  pH. More impor tan t l y ,  however, i s  t h e  observa t ion  t h a t  t he  
fo rmat ion  o f  methy l  es te rs  i s  p r e f e r r e d  a t  t h e  lower  pH values (pH < 7). Th is  use- 
f u l  proper t y  o f  coa l  means t h a t  t he  r e a c t i o n  s e l e c t i v i t y  can be op t im ized  by care-  
f u l  c o n t r o l  o f  t h e  r e a c t i o n  pH. The ' s i t e  s p e c i f i c i t y '  o f  t h e  r e a c t i o n  can be 
eva lua ted  q u a n t i t a t i v e l y  by measuring t h e  r a t i o ,  base l a b i l e  methy ls  t o  t o t a l  
methyls. For t h i s  p a r t i c u l a r  coa l  sample, s i t e  s p e c i f i c i t i e s  approaching 70% can 
be r e a l i z e d  when t h e  me thy la t i on  i s  c a r r i e d  ou t  a t  pH 2-7. 

An impor tan t  s tep  i n  t h e  s e l e c t i v e  me thy la t i on  o f  t h e  a c i d i c  C-H s i t e s  i n  coa l  
i s  the  convers ion  o f  t h e  phenols and c a r b o x y l i c  ac ids  t o  t h e i r  methyl  e t h e r  and 
methyl e s t e r  d e r i v a t i v e s  (6,8b,9). Th is  i s  accomplished by the  p repara t i on  of a pH 
12 0-methyl coa l  u s i n g  n a t u r a l  abundance d imethy l  s u l f a t e  as t h e  me thy la t i ng  agent. 

C-methylat ion chemis t ry ,  t h e  pH 12 0-methyl coal  i s  t r e a t e d  i n  separate exper iments 
w i t h  an excess o f  t h e  con jugate  bases o f  9 -pheny l f luorene (pKa = 19 i n  THF ( l o ) ) ,  
f luorene (PKa = 22 i n  THF ( 1 0 ) )  and t r ipheny lmethane (pKa = 31 i n  THF (10 ) )  as 
t h e i r  l i t h i u m  s a l t s  (so1vent:THF. T:O°C). A f t e r  a predetermined n e u t r a l i z a t i o n  
t i m e  (68 h, t y p i c a l l y ) ,  t he  r e a c t i o n  m ix tu res  a re  quenched w i t h  C-13, C-14 double 
l a b e l l e d  methyl  i o d i d e  and t h e  produc ts  i s o l a t e d  by a s e r i e s  o f  o rgan ic  and aqueous 
ex t rac t i ons .  14C combustion ana lys i s  i s  used t o  e s t a b l i s h  t h e  number o f  14CH3 
groups i n t roduced  under each se t  o f  r e a c t i o n  cond i t ions .  The i s o l a t e d  d e r i v a t i v e s  
a re  t r e a t e d  s e q u e n t i a l l y  w i t h  base and 13914CH3I a t o t a l  o f  t h ree  t imes. Prev ious  
work (6.9) has es tab l i shed  t h a t  r e p e t i t i v e  t rea tments  a re  necessar t o  ach ieve  
exhaust ive  C-methylat ion.  Th is  observa t ion  a long w i t h  t h e  CP/MAS i 3 C  NMR o f  
s e r i a l l y  a l k y l a t e d  coa l  d e r i v a t i v e s  suggest t he  chemis t ry  i nc ludes  t h e  r e a c t i o n  o f  
s t r u c t u r a l  u n i t s  c o n t a i n i n g  the  -CH2- group (11). 

C-H s i t e s  w i t h  pKa < 19 as equal t o  t h e  number o f  14CH3 groups i n t roduced  when 
9-phenylf luorenyll i thium i s  t he  base. The number o f  a c i d i c  C-H s i t e s  w i t h  
19  < PKa < 22 i s  taken as t h e  d i f f e r e n c e :  
l i t h i u m  minus t h e  number of 14CH3 added w i t h  9-phenylfluorenyllithium. 
f i n a l l y ,  t h e  number o f  a c i d i c  C-H s i t e s  w i th  22 < pKa < 31  i s  se t  equ iva len t  t o  t h e  
d i f fe rence:  
added w i t h  f l u o r e n y l l i t h i u m .  

approach i s  i l l u s t r a t e d  i n  Table 2 f o r  an 0-methyl low v o l a t i l e  b i tuminous  coal ,  
PSOC 1197 (6). 
i n  coal as a f u n c t i o n  of PKa. I n  terms o f  coa l  s t r u c t u r e  ana lys i s ,  t h i s  t y p e  of 
i n fo rma t ion  i s  p a r t i c u l a r l y  use fu l .  
v a r i e t y  of o rgan ic  compounds have been eva lua ted  ( l o ) ,  we can beg in  t o  ass ign  a 
s t r u c t u r e  t o  t h e  r e a c t i v e  s t r u c t u r a l  un i t s .  

To examine t h e  d i s t r i b u t i o n  o f  a c i d i c  C-H s i t e s  i n  coa l  by s e l e c t i v e  

To f a c i l i t a t e  t h e  d i scuss ion  o f  t h e  resu l t s ,  we d e f i n e  the  number o f  a c i d i c  

number o f  14CH3 added w i t h  f l u o r e n y l -  
And 

number of 14CH3 added w i t h  t r i t y l l i t h i u m  minus the  number o f  14CH3 

The s t r u c t u r a l  i n fo rma t ion  a v a i l a b l e  f rom t h e  a p p l i c a t i o n  o f  t h i s  chemical 

S p e c i f i c a l l y ,  we can eva lua te  t h e  d i s t r i b u t i o n  o f  a c i d i c  C-H s i t e s  

Since t h e  pKa values f o r  C-H groups i n  a 

For t h i s  p a r t i c u l a r  coa l ,  namely 
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PSOC 1197, we no te  t h a t  t h e  m a j o r i t y  o f  t he  C-H s i t e s  have pKa values 19 < 
PKa < 22. 
f luorenes as w e l l  as those con ta in ing  C-H bonds ad jacent  t o  e l e c t i o n  w i thdrawing  
subs t i t uen ts  (e.g., ca rbony l )  a re  impor tan t  s t r u c t u r a l  f ea tu res  i n  t h i s  b i tuminous  
coa l ,  w h i l e  9,lO-dihydroanthracene s t r u c t u r a l  types a re  absent. 
t h e  a p p l i c a t i o n  o f  these s t r u c t u r a l  probes t o  one o f  t h e  coa ls  f rom t h e  Argonne 
Premium Coal Sample Program w i l l  be presented d u r i n g  t h e  ta l k .  

Th is  observa t ion  suggests t h a t  s t r u c t u r a l  t ypes  such as indenes and 

The r e s u l t s  from 
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Table 1. Select ive  !-Methylation o f  I l l i n o i s  No. 6 using nBu4NOH 

and 13914(CH3)2S04 

NO. 14c~3/100 Coal c 
S i t e  

PH Tota l  Base Labi le  S p e c i f i c i t y  

12 4.0 f 0.4 1.1 f 0.1 28 f 5% 
7 1.37 f 0.01 0.90 f 0.01 66 f 1% 
5 0.90 f 0.08 0.68 f 0.05 76 f 13% 

2 0.18 f 0.02 0.12 f 0.01 66 f 14% 

Table 2. Select ive  C-Methylation of  0-Methyl PSOC 1197: The 
D i s t r i b u t i o n  of  Acidic C-H Sites as a Function o f  pKa 

pKa Range 
~~ 

No. C-H Si tes /100 Coal C 

pKa < 19 

19 < pKa < 22 

22 < pK, < 31 

0.06 

1.8 

0 
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COAL DESULFURIZATION BY PHOTOOXIDATION 

Virendra K. Mathur and Usha Govindarajan 
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Durham, NH 03824 

ABSTRACT 

Oxidative desulfurization of coal has been studied by several workers. 
methods primarily involve selective oxidation of organic sulfur to sulfoxide and 
sulfones, followed by thermal decomposition of the oxidation product. 

These 

In this investigation, photooxidation of sulfur functionalities in coal is 
studied. Finely divided coal, suspended in a solvent, is exposed to radiations of 
wavelength 300-600 nm using a xenon mercury lamp. The coal sample, is next 
subjected to hydrolysis to remove the oxidized sulfur from the coal matrix. It is 
observed that coal desulfurization increased by 7.4%, 3.4%, and 23.7% when coal was 
photooxidized prior to hydrolysis by water, hydrochloric acid and sodium hydroxide, 
respectively. Sulfur removed by this technique as sulfonic, SUlfUKOUS OK sulfuric 
acid or their salts would be mostly organic in nature. 

Introduction 

Coal is unquestionably the fuel of the future for the generation of electrical 
energy but its use gives rise to a number of ecological problems, such as acid mine 
drainage and air pollution from particulate, sulfur dioxide, and NO emissions. 
Man-made sulfur dioxide and nitrogen oxides emissions in the U.S. age estimated to 
be over 40 million ton/year. 
27% of all the man-made sulfur dioxide and nitrogen oxides emissions, respectively 
in the United States. 
located in acidic soil areas whereas nitrogen oxides emissions appear to kill trees. 
As U.S. environmental groups become more aware of the tree losses in the Appalachian 
Mountains, reduction of nitrogen oxides emissions in existing coal-fired utility 
boilers is expected to be a critical issue. 

Coal-fired utility power plants account for 55% and 

Sulfur dioxide emissions appear to acidify fresh-water lakes 

There are many acid rain control technology options for existing large 
coal-fired electric utility boilers, namely 

(i) 
(ii) coal cleaning, 
(iii) flue gas treating, 
(iv) limestone injection multistaged burning, 
(v) fluidized bed combustion, and 
(vi) coal gasification. 

The first three options are commercially proven techniques. 
only small percent of sulfur as it removes only pyritic sulfur. Sulfur and nitrogen 
reduction potentials using the flue gas treatment technique are high but the capital 
and operating retrofit costs are exorbitant. 
for an efficient and inexpensive coal desulfurization technique which utility 
companies could readily use. 

discussed. 
mercury lamp are subsequently analyzed for sulfur content. 

switch to low sulfur coal or natural gas, 

Coal cleaning reduces 

Consequently, there is still a need 

In this paper, desulfurization of coal using a photooxidation technique is 
Coal samples exposed to radiation of wavelength 300-600 nm using a xenon 
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Scientific Rationale for Photo Desulfurization of Coal 

Coal is a highly heterogeneous solid originating from plant remains. 
contains, in varying amounts, essentially all elements of the periodic table 
combined into nearly all of the minerals normally present in the earth's crust. 
other words, coal is a complex mixture of organic and inorganic compounds in which 
the organic matrix comprises most of the coal weight. 
viewed as a complex macromolecular structure containing the classical organic 
functional groups such as carbonyl and hydroxyl, aromatic and heterocyclic ring 
units, and aliphatic bridges. 

It 

In 

Organic coal matrix can be 

Coal structure and processing have been the subject of intense research for 
several years. 
not completely understood. However, enough information is available on the nature 
of sulfur containing functional groups in organic coal matrix. The organic sulfur 
in coal can be categorized into one of the functionalities such as thiol, sulfide, 
disulfide, thiophene, benzothiophene, and dibenzothiophene. 

The exact chemical structure of organic coal matrix varies and is 

Desulfurization of coal has been investigated by several workers (1,Z). They 
have used techniques such as oxidation (3-6), chlorinolysis (7-8), electrolysis ( 9 ) ,  
etc. All these methods essentially oxidize sulfur in coal. There are other methods 
reported in the literature involving hydrogenolysis, hydrolysis, etc. It is 
observed that among the organic sulfur functionalities, removal becomes increasingly 
difficult in the order thiolic < sulfide < disulfide < thiophenic < benzothiophenic 
< dibenzothiophenic. As the complexity of the sulfur containing functionality 
increases the selectivity of desulfurization, without affecting the rest of the coal 
matrix, becomes difficult. For example, the selectivity of hydrodesulfurization is 
reduced whenever the n-electrons of sulfur are in resonance with n-electrons as in 
the cases of thiophene, benzothiophene, etc. This leads to competing hydrogenolysis 
of the carbon-carbon bonds since the energies of carbon-sulfur and carbon-carbon 
bonds become practically identical due to resonance (10). It has been reported that 
atmospheric weathering leads to desulfurization of coal which can be due to the 
combined effect of air oxidation and photo-oxidation. However, the authors have not 
presented any mechanism or photonic role for this process (6). 

the bond energy between the carbon and the sulfur is reduced on the average by 5.2 
kcal/mole for aliphatic sulfides and by 11.8 kcalhole for aromatic sulfides and 
thiophenes. Thus, the selectivity of decomposition at the sulfur-carbon bond is 
increased (3). 

It has been suggested that accompanying the oxidation of the sulfur to sulfone, 

Oxidative desulfurization of coal has been studied by several workers (1-8). 
These methods primarily involve two steps: 
sulfur to sulfoxide and sulfones as shown below and (2) thermal decomposition of the' 
oxidation product expelling sulfur dioxide. 

(1) selective oxidation of organic 

0 
(0) (0) I O  

-s- - -s- d -S-  

6 0 
Sulfoxide Sulfone 
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Photo-oxidation of Sulfur in Coal 

No work is reported on the photochemical oxidation of coal. It is important to 
Coal understand how the coal molecule would react in the presence of light and air. 

due to its strong absorption of the entire visible spectrum has black color. It is 
a h 0  Well known that coal has a complex aromatic structure with polyaromatic nuclei 
capable of absorbing light in the visible region. Attached to these are the sulfur 
atoms. The n-electrons on sulfur can resonate with the aromatic n-cloud. Hence, in 
the presence of light the n,n* transition is also feasible which would affect the 
bonding properties of sulfur. This might lead to either electron deficient sulfur 
linkage or formation of diradical OK free radicals. Due to the complexity of coal 
structure i t  is difficult to theoretically predict the exact course of reaction from 
the excited state. 

There is enough literature evidence that oxygen in air attacks the organic 
Sulfur compounds photochemically (11). Extending the mechanism of photo-oxidation 
of Sulfur compounds to coal, two courses of reaction can be predicted. One of them 
could be the formation of free radical/diradical center at sulfur from the excited 
coal molecule and subsequent oxidation and hydrogen abstraction leading to oxidized 
Sulfur functionalities such as sulfonic acid. The second one would be the attack of 
sulfur center by excited molecular oxygen, namely, singlet oxygen, if the reaction 
conditions are conducive to the production of singlet oxygen. Either of these 
mechanisms would cause the formation of sulfoxides, sulfones OK sulfonic acids 
depending upon the reaction conditions. Hence, it is safe to predict that the 
organic sulfur functionalities in coal could be oxidized in the presence of oxygen 
and visible light. 

By this photo-oxidation treatment the sulfur in coal would remain in an 
oxidized form. The next step would then be to eliminate the oxidized sulfur from 
the coal matrix. This can be achieved by subjecting the photo-oxidized coal to 
hydrolysis. 
techniques also. It is envisaged that most sulfur removed by this technique as 
sulfonic, sulfurous or sulfuric acid OK their derivatives would be organic in 
nature. 

This procedure is reported to be used in other chemical desulfurization 

Experimental Set-up and Procedure 

Finely crushed coal was suspended in 95% ethanol and kept agitated by bubbling 
oxygen at such a rate that the coal particles were not allowed to settle down. 
Also, oxygen bubbling would facilitate the removal of sulfur by oxidation. 
slurry was subjected to photolysis in an internally lighted reaction vessel. 
Methylene blue was used as a sensitizer for the production of singlet oxygen. 
photo-oxidized coal was washed thoroughly with ethanol to remove the dye and the 
ethanol was separated by centrifugation. 
hours. 
boiling water or by refluxing with solutions of AC1 OK NaOH. 
also hydrolyzed with water, acid or base under the same conditions employed for 
photolysed coal in Order to study the effect of photolysis. 
analyzed for their sulfur contents. 
the following Table 1. 

The coal 

The 

Next, the coal was dried at llODC for 8 
A portion of the photo-oxidized coal was subjected to hydrolysis either in 

Reference coal was 

The samples were 
The experimental conditions are summarized in 
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Table 1: Experimental Conditions 

Illinois No. 6, Bituminous 
2% in coal and 0.1% in methylene blue 
2% in coal; reflux; 6 h. 

Set I Set I1 Set I11 

Coal 
Slurry Concentration 
Hydrolysis Conditions 

Parameters 

Particle Size, 
Solvent 
Reactor 
Sensitizer 
Radiation 
Light Intensity 
Reaction Time 
Hydrolysis Medium 

Results and Discussion 

74 micron 
95% Ethanol 
Internal 
Methylene Blue 
350-550 nm 
45 Watts 
10 h. 
Water 

44 micron 
95% Ethanol 
Internal 
Methylene Blue 
300-600 nm 
450 Watts 
16 h. 
1 N EC1 

44 micron 
95% Ethanol 
Internal 
Methylene Blue 
300-660 nm 
450 Watts 
16 h. 
1 N NaOH 

The sulfur contents of the coal samples are presented in Table 2. 

Table 2: Sulfur Contents of Coal Samples 

Sample Set I Set I1 
Run 1 Run 2 Mean Run 3 Run 4 Mean 

Reference 3.92 3.86 3.89 4.56 4.51 4.54 
Light Unhydrolysed 3.83 3.80 3.82 4.65 4.45 4.55 
Dark Hydrolysed 3.66 3.77 3.72 3.88 3.94 3.91 
Light Hydrolysed 3.45 3.42 3.44 3.88 3.60 3.74 

Table 3: Percent Sulfur Reduction 

React ion Set I Set I1 

Dark Hydrolysis 4.5 14.9 
Light Hydrolysis 12.0 17.4 

3.4 Photonic Advantage - 7.4 - 

Set I11 
Run 5 Run 6 Mean 

4.56 4.51 4.54 
4.65 4.45 4.55 
4.18 4.50 4.34 
3.32 3.22 3.27 

Set I11 

4.2 
27.8 
23.7 - 

The desulfurization based on total sulfur is on the average higher by 7.4% (Set 
I, Table 3) when hydrolysis is conducted by refluxing with water if coal is 
subjected to photolysis prior to hydrolysis. 
increased by about 7.4% as a consequence of photooxidation. 
Table 3 that photonic advantage increased on the average by 23.7% (Set 11) if 
hydrolysis is conducted in boiling sodium hydroxide solution. 
hydrolysis the photonic advantage is very low (3.4%; Set 11, Table 3). 

In other words, the desulfurization 
It is also seen from 

However, with acid 

The probable mechanism of desulfurization is the oxidation of some of the 
organic sulfur functionalities such as sulfide and thiol to sulfoxides, sulfones and 
sulfonic acids and subsequent hydrolysis of these functional groups. 
such as sodium hydroxide would eliminate sulfinic acid from the sulfones and with 
some difficulty from the sulfoxides while hydrochloric acid would convert the 
sulfoxide to the original sulfide. It is to be noted that pyritic sulfur would also 
be affected by hydrolysis though the photolysis might not have significant influence 
on the removal of pyritic sulfur. 

A strong base 
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Conclusions 

These results show a definite photonic advantage in desulfurization of coal. 
However, the understanding of the mechanism of desulfurization, nature of functional 
groups that are affected by photolysis; role of pyrite in modifying the excited 
state reactivities, influence of reaction medium and optimization of desulfurization 
conditions need further study. 
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THE EFFECT OF HEATING RATE AND HOLD TIME ON PRIMARY COAL PYROLYSIS 
PRODUCT DISTRIBUTION 

Jon Gibbins-Matham and Rafael Kandiyoti 

Department of Chemical Engineering and Chemical Technology, 
Imperial College of Science and Technology, London SW7 2AZ, England 

Introduction 

The study of primary pyrolysis reactions in coals is complicated by the 
number of secondary effects that must be considered. In particular, 
secondary volatile-cracking reactions are likely to occur with most 
pyrolysis techniques for low heating rates (eg. Fischer Assay, 
Gray-King, thermobalance), which use a relatively large coal sample and 
allow the volatiles to remain in the heated zone for extended periods. 
A well-dispersed sample of fine coal must, however, be used to achieve 
high heating rates (eg. as in a fluidised bed or wire-mesh reactor). 
This has made it impossible to determine whether the increases in 
volatile yields noted in many fast heating rate studies (probably the 
best-known of which is the work by Howard and associates at MIT using a 
wire-mesh apparatus (1)) were due entirely to a reduction in secondary 
char-forming reactions, or were at least in part an effect of the 
heating rate itself. The MIT apparatus used a pulse of direct current 
to heat the sample holder and the lowest heating rate that could be 
obtained was about 100 K/s; in any case slow heating experiments might 
also have been affected by secondary reactions, because volatile 
products were allowed to circulate freely in the same vessel as the hot 
wire-mesh. Both of these problems have been addressed, though not 
always together, in subsequent studies (eg. 2,3,4,5,6), but a 
systematic examination of the effect of time/temperature history under 
conditions where secondary reactions would be at a minimum appears to 
be lacking. It was therefore proposed to construct a wire-mesh 
apparatus which could cover virtually any time/temperature history and 
provide for rapid removal of volatile products as part of a study on 
fundamentals of coal pyrolysis and hydropyrolysis funded by the UK 
Science and Engineering Research Council (GR/D/06582). Although work 
has concentrated on British coals, the wealth of published data 
available for US coals made it essential to test some of these for 
comparison. These trials, with samples from the Argonne Premium Coal 
(APC) Sample programme, have shown a general increase in volatile yield 
with heating rate that does not appear to be due to secondary effects. 
This suggests that more complex interactions occur in pyrolysis than 
has sometimes been considered. 

Sample preparation 

To avoid loss of particles through the wire-mesh sample holder all 
coals were screened to 100-150 microns. The Pittsburgh#8, Illinois#6 
and Pocahontas#3 samples were all obtained as -100 mesh and were 
screened without further treatment. The Wyoming subbituminous sample 
was originally - 2 0  mesh and was ground gently by hand in air to all 
pass through a 130 micron sieve. After screening, coals were dried 
overnight at 105 C in a nitrogen-purged oven and stored under nitrogen 
until required. A large amount of fines had to be rejected from all 
the original samples; this would seem to be a general problem for any 
experiment requiring sieved coal as it may result in selective 
enrichment with certain petrographic constituents. An agreement to 
establish standard sub-fractions of sized coal would be welcome. 
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Apparatus and experimental procedure 

principal features of the apparatus, shown in Fig.1, are a sweep gas 
flow through the wire-mesh sample holder and a feedback temperature 
control system using alternating current. The sweep gas, helium 
flowing at 0.1 m/s, gives a mean volatile residence time within the 
sample holder of less than 2 ms. Five to ten milligrams of coal are 
spread in a 12 mm diameter circle at the centre of the sample holder, 
less than monolayer loading. The sample temperature is defined as the 
average from.two chromel/alumel thermocouples, at the centre and 
approximately lmm from the edge of the coal sample, formed from wires 
inserted through the mesh. Typically, temperatures across the sample 
are within 20 K of the average and the average is less than 10 K (or 
20ms in time at high heating rates) from the target control value. Tar 
can be caught in a pre-weighed sinter trap cooled with liquid nitrogen 
which is then heated to 50 C for 30 minutes in air and re-weighed. 
More details of the apparatus will be available elsewhere (7). 

Results and discussion 

Fig.2 shows variations with peak temperature in total volatile yields 
from Pittsburgh#8 coal at 1000 K / s  and 1 K / s  with zero hold time, and 
at 1000 K / s  with 30 seconds hold time. The reactor geometry, gas flow 
rate etc. are identical for all runs. With zero hold time, volatile 
yields for the two heating rates follow different trends, and the 
higber heating rate yield is below that for slow heating up to about 
700 C, after which the 1 K / s  yield reaches a plateau at about 42% while 
the 1000 K / s  yield continues to rise to about 48% at 95OoC. 
thus be concluded that increasing the heating rate would give either 
lower or higher yields depending on the peak temperature. At 30 
seconds' hold, however, the volatile yields for the two heating rates 
follow similar trends, and the higher heating rate gives greater weight 
losses at all temperatures above 40OoC. 
Eyrolysis reactions are allowed to run to completion higher heating 
rates give higher primary volatile yields. 

Runs with Pittsburgh#8 at 1,10,100 and 1000 K / s  to 7OO0C with 30 
seconds' hold using tar trapping, plotted in Fig.3, confirm the trend 
of higher volatile yields with faster heating and indicate that the 
rise in total volatile yields is due mainly to an increase in tar 
production. Such differences might be caused by more rapid removal of 
tar by gas entrainment at the higher heating rates, leaving less time 
for char-forming reactions. 
1000 K / s  to 700 C were therefore made, with the expectation that if 
evaporation was a limiting step at low heating rates the 1 K / s  yield 
would increase by more than the 1000 K / s  yield. In fact the opposite 
was observed: the 1 K / s  volatile yield increased by about 2% while the 
1000 K / s  yield went up by about 4%. Under vacuum the 1000 K / s  samples 
swelled much less, suggesting that some plasticising/swelling agent was 
being removed. The 1 K / s  samples never swelled, but were fused. It 
was also considered that slow heating might be allowing time for slight 
oxidation of the sample by adsorbed gases, or even the trace of oxygen 
(less than 2 vpm) in the helium gas supply, and that this enhances 
subsequent tar-precursor polymerisation reactions. Trials on a U K  Coal 
indicate, however, that pyrolysis yields at both high and low heating 
rates are not sensitive to the level of trace oxygen in the sweep gas. 

Comparison with published data for Pittsburgh#8 coal (1,4,8), mostly 
for 1000 K/s  and zero hold, showed that while the maximum volatile 
yields above 8OO0C were comparable, reported variations in yield with 

It could 

This suggests that provided 

Experiments under vacuum at 1 K / s  and 
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temperature fell both above and below the.zero hold line in Fig.2. 
Siqce the cooling rate in these previous experiments varied from about 
10 to l o 4  K / s  its effect was examined but, as Fig.4 shows, at 6OO0C 
yields are not sensitive to cooling rate above 100 K / s .  Subsequent 
experiments demonstrated that the hold time at 6OO0C is an important 
factor, however, and the results in Fig..5 show that one second suffices 
for almost complete devolatilisation. This, together with the 
steepness of the Fig.2 1000 K / s  zero hold curve around 6OO0C, suggest8 
that experimental variations in the time that the coal is held at 600 C 
or above are more important than the length of time spent at lower 
temperatures during cooling. Uncertainties in temperature measurement 
are possible in ca.ses where, to avoid interference from the heating 
current, the thermocouple had to be electrically isolated from the 
sample holder (1) or the junction placed away from the surface ( 4 ) .  
The local effect of the thermal inertia of the coal sample itself, 
reported by Freihaut and Seery (E), could alsg lead to the temperature 
being overestimated by perhaps as much as 100 C if the loading near the 
thermocouple was not representative. As far as possible these errors 
have been minimised in this apparatus since the sample holder is part 
of the thermocouple circuits and the coal sample is held around the 
thermocouples. The temperature of the coal is not, and cannot, be 
measured directly, however, nor can variations in temperature away from 
ths thermocouples be detected, so experimental scatter can still be 
significant in regions where yield is a sensitive function of 
temperature. This is not the case for the conditions used to establish 
the effect of heating rate as Fig.2 shows, and it is therefore unlikely 
that errors in temperature measurement could be responsible. 

Volatile yields from Illinois#6 and Wyoming subbituminous coals were 
also found to increase with heating rate, but the yield from the 
Pocahontas#3 sample showed little or no variation. Results for heating 
rates between 1 and 1000 K / s  are shown in Fig.6. 

Conclusions 

When se ondary effects are minimised, an increase in heating rate from 
1 to 10 K/s will increase pyrolysis yields from a number of coal types 
provided that sufficient time is allowed at peak temperatures. 
extra vo€atiles are mainly tars, suggesting either a reduction in 
polymerisation reactions among tar precursors and/or an increase in tar 
precursor production due to a greater concentration of reactive species 
within the coal mass. One coal tested showed little or no effect of 
heating rate, however, and this, together with the absence of more 
abrupt variations in volatile yields with heating rate for the other 
coals, probably means that only a portion of the potential 
volatile-forming pathways in coals are being affected. 
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SPECTROSCOPIC CHARACTERIZATION OF ARGONNE PREMIUM COALS 
AND SHORT RESIDENCE TIME LIQUEFACTION PRODUCTS 

James A. Franz, Mikhail S. Alnajjar, and John C. Linehan 

Pacific Northwest Laboratory 
P. 0. Box 999 

Richland, Washington 99337 

ABSTRACT 

Illinois No. 6 (high volatile bituminous) , Pittsburgh No. 8 (bituminous), 
Wyoming Subbituminous, Pennsylvania Upper Freeport (medium volatile bituminous) 
and Pocahontas 13 (low volatile bituminous) coals from the Argonne Premium Coal 
Sample Program were heated In tetralln for 10 minutp3 at 430 r5O C. 
were examined by gel permeation chromatography and 
for conversion of the coals to THF-soluble products were determined. Yields 
and GPC characteristics of products from direct extraction of the coals with 
THF were determined. 
to products below MW 600, appears to be Wyoming subbituminous. 

The products 
C NMR spectroscopy. Yields 

The most reactive coal in this group, based on conversion 

INTRODUCTION 

The availability of pristine coal samples from the Argonne Premium Coal 
Program now makes possible the meaningful comparison of experimental results of 
spectroscopic studies and reactions between laboratories. In previous work 
with medium-rank coals, we have examined the structural evolution o f  thermal 
degradation products by NMR and gel permeation chromatography (GPC) techniques, 
and we have characterized the processes of hydrogen transfer and exchange under 
liquefaction conditions using deuterium labeling techniques(1-3). 
we present results of a study of the molecular weight distributions of products 
liberated from a short (10 minute) exposure of five of the pygmium coals to 
thermal decomposition in tetralin at 430 OC, and results of C NMR 
characterization of the fractionated products. 

In this paper 

EXPERIMENTAL 

Coals The five coals examined in this study were Pennsylvania Upper Freeport medium volatile bituminous coal (Penn UF), coal ID 101; Wyoming subbituminous 
coal (WYO), coal ID 201; Illinois No. 6 high volatile bituminous (Ill #6), coal 
ID 301: Pittsburgh #E bituminous coal (Pitt # 8 ) ,  coal ID 401; and Pocahontas 

A t m e n t  
of Energy, under Contract DE-AC06-76RLO 1830. 

t 
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#3 low v o l a t i l e  bituminous coal (POC #3) ,  Coal ID 501. 
Extraction of Coals w i t h  THF. 
three 100 mL port ions of tetrahydrofuran (THF). 
through a 0.45 micron Mil l ipore type FH f i l t e r ,  concentrated, weighed, and 
examined by GPC and NMR. 

Reactions of Coals w i t h  Tetral in .  The react ions of the coa ls  w i t h  t e t y a l i n  
were car r ied  out  i n  3-mL s t a i n l e s s  s t e e l  vessels  described previously' 
(2 mL) and coal (1  g) were added, and the  tube was heated f o r  10 minutes a t  
430+5 OC i n  a Tecam SBS-4 f lu id ized  sand bath. 
ou t  w i t h  THF. The THF solut ion and s o l i d s  were f i l t e r e d  w i t h  a 0.45-micron 
type FH Mil l ipore f i l t e r .  The residue was a i r  d r ied  and weighed. 
solut ion containing the  coal products and react ion solvent  ( t e t r a l i n  and 
naphthalene) were concentrated on a ro ta ry  evaporator t o  ca. 20 mL and p ipe t ted  
i n t o  ca. 400 mL of hexane, resu l t ing  i n  t h e  prec ip i ta t ion  of brown f lakes  of 
the  coal product. 
asphaltenes (P+A)) was weighed and examined by GPC and NMR spectroscopy. 
Occasionally, incomplete removal of t e t r a l i n  and naphthalene occured. In these 
cases ,  the  P t A  f rac t ion  was redissolved i n  THF and reprec ip i ta ted  from hexane. 
THF oxidat ion products were occasionally encountered, and were removed by 
prec ip i ta t ion  of a THF solut ion of the P+A f rac t ion  by adding ca. 5-ml of the 
THF so lu t ion  t o  about 100 mL water, which removes the  water-soluble THF- 
associated impuri t ies .  
GPC, react ion tubes were washed out  w i t h  THF, f i l t e r e d ,  and examined d i r e c t l y  
by GPC. 

Gel Permeation Chromatography of P+A, Whole Reaction Mixtures and THF Extracts .  
Gel permeation chromrttography was car r ied  out using one 500A and one l O O A  Waters 
Associates pStyrage1 
mL/min. The system was ca l ibra ted  w i t h  polystyrene standards from 600-17500 MW 
and w i t h  a var ie ty  of low molecular weight compounds below MW 400. 

1 3 C  NMR Spectroscopy of Preasphal tenes  + Asphal tenes  (PtA). 13C NMR spec t ra  of  
the  THF-soluble P t A  f rac t ions  were determined w i t h  a Varian VXR-300 operat ing 
a t  75 MHz. 250 mg of P+A f rac t ion  was dissolved i n  3.0 mL THF-d8 
containing 0.1 M Cr(acacf3. Spectra were acquired u s i n g  a 90° pulse ,  0.8-s 
acquis i t ion  time and a 3-s pulse delay w i t h  inverse  gated decoupling. The use 
of 3% C r ( a ~ a c ) ~  w i t h  inverse  gated decoupling has been reported(4) t o  produce 

u a n t i t a t i v e  r e s u l t s  f o r  SRC-I1 l iqu ids  w i t h  negl ig ib le  change i n  aromatici ty  
I f a )  f o r  pulse  delays beyond 4 seconds, and an increase i n  measured f a  of l e s s  
than 2% between pulse  delays of 2 and 5 seconds. To obtain aromatic/al iphat ic  
r a t i o s ,  the in tegra l  of the 50-10 ppm region obscured by the upfield THF-d8 
mul t ip le t  was corrected using the  integral .of  the  downfield 67.4 ppm THF peak 
and a carefu l ly  determined integral  r a t i o  of the two mul t ip le t s  of  the spectrum 
of a solut ion of Cr(acac)3 in  THF-d8. 
q u a l i t a t i v e  s ince  the e r r o r  for  this  procedure i s  probably 5-7%, while t h e  e r r o r  
i n  t h e  d i s t r i b u t i o n  i n  aromatic s t r u c t u r e  i s  lower. 

The f i v e  coals  (4-5 g each) were washed w i t h  
The THF solut ion was f i l t e r e d  

Tetra1 i n  

The tubes were opened and washed 

The THF 

The THF-sol ubl e ,  hexane-i nsol ubl e product (preasphal tenes  and 

For examination of the whole coal react ion mixtures by 

column i n  s e r i e s ,  e lu t ing  with THF a t  a flow r a t e  o f  1.0 

Approximate1 

The values of f a  must be considered 

RESULTS AND DISCUSSION 

Direct  ex t rac t ion  of the  coals  (Table I )  produced 2-12% of  THF-soluble 
product. I11 X6 i s  unique i n  i ts  high s o l u b i l i t y ,  whereas the  o ther  coa ls  a re  
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normal, e x h i b i t i n g  2-4% s o l u b i l i t y .  
c l e a r l y  i s  o f  low molecular weight, w i t h  60-90% below MW 600. I11  16 and P i t t  
t 8  g ive  not iceably  greater  amounts o f  mater ia l  above MU 600 than the  o the r  coals 
(Figure 1). 

Reaction o f  the coa ls  w i t h  t e t r a l i n  f o r  10 minutes a t  430° C produced y i e l d s  
varying from 3% f o r  Pocahontas t 3  t o  56% f o r  P i t tsburgh 18. 
the  10-minute react ions are q u a l i t a t i v e l y  i n  agreement w i t h  rank f o r  t he  various 
coals. Total conversions are higher f o r  Wyoming subbituminous, P i t tsburgh 18, 
and I l l i n o i s  #6. Not ice i n  Table I1 t h a t  whi le  Wyoming subbituminous exh ib i t s  
t he  h ighest  conversion, i t  produces on ly  25% preasphaltenes and asphaltenes. 
This means t h a t  up t o  50% o f  Wyoming subbituminous i s  converted t o  hexane solubles 
( t ransfer  l o s s  and loss  o f  v o l a t i l e s  i s  included i n  t h i s  upper estimate), making 
the Wyoming subbituminous by f a r  the most r e a d i l y  converted coal I n  t h i s  group. 
The dif ference between conversion and P+A (%) i n  Table I1  i s  the  y i e l d  o f  hexane 
solubles p lus  t r a n s f e r  l oss  and water loss, etc. 
produced i n  up t o  8% (Penn UF), 17%(Poc #3), 19%(Pi t t  #E), 15%(IL t 6 )  and 50%(Wyo 
Sub). 

coals a t  sho r t  reac t i on  t imes consis ts  o f  mater ia l  below 600 nominal molecular 
weight. The e f f e c t i v e l y  i n e r t  POC #3 produced p r l m a r i l y  low molecular weight 
mater ia ls  a t  both 10 and 40-minute reac t i on  times. The P+A f rac t i ons  a l l  e x h i b i t  
s i g n i f i c a n t  amounts o f  h igher  molecular weight mater ia l  (Table I V ) ,  cons is tent  
w i t h  the expected c h a r a c t e r i s t i c s  o f  THF-solubi l i ty. Among the h igh y i e l d i n g  
coals, P i t t  8, Wyo Sub, and I11 16, t he  P+A f r a c t i o n  o f  Wyo sub (Table I V )  shows 
the greatest  amount o f  product below MW 600, consis tent  w i t h  the  much greater  
apparent y i e l d  o f  hexane-solubles discussed above f o r  Wyoming subbituminous. 
GPC data f o r  e x t r a c t s  o f  raw coals, t o t a l  react ion mixtures, and preasphaltene 
+ asphaltene subfract ions a re  depicted i n  Figure 1. 

13C FTNMR spect ra of P+A f rac t i ons  determined f o r  t he  f i v e  coal ex t rac ts  are 
presented numerical ly i n  Table V. THF so l  ub i  1 i t y  and hexane so l  ub i  1 i t y  tends 
t o  produce mater ia l  o f  h igh p o l a r i t y  and ra the r  s i m i l a r  NMR charac te r i s t i cs  i n  
the  preasphaltene + asphaltene subfraction. The ranges o f  Table V correspond 
roughly t o  phenol ic  and a r y l  ether CO (168-148 ppm), subs t i t u ted  a r y l  C (148- 
129.5 ppm) and protonated a r y l  carbon (129.5-110 ppm), the l a t t e r  group inc lud ing  
protonated a r y l  carbon adjacent t o  a r y l  CO s t ructure(5) .  Wi th in  the  range o f  
probable e r ro r ,  
Wyo Sub, and P l t t  18 than f o r  Penn UF and POC t3, and h igher  r i n g  subs t i t u t i on  
f o r  POC t3 .  

The r e s u l t s  o f  t h i s  paper provide quan t i t a t i ve  data f o r  est imat ion of the 
amount and s t r u c t u r a l  d i s t r i b u t i o n  o f  products from shor t  residence t ime 
l i q u e f a c t i o n  of  the Argonne Premium Coals. A more de ta i l ed  spectroscopic study 
o f  the organic s t ruc tu re  o f  the Argonne coals i s  present ly  underway. 

The bu lk  o f  the d i r e c t l y  ext ractable mater ia l  

The y i e l d s  from 

Thus, hexane solubles may be 

GPC data o f  Table I11 show t h a t  the bu lk  o f  THF-soluble products from a l l  

. 

Table V r e s u l t s  i nd i ca te  higher a r y l  oxygen content f o r  I L  16, 
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I 

Table 11. Asphaltene 
Coal W t .  Coal 

Penn UF 5 9  
POC 13 l g  

P i t t  18 4 9  
Wyo Sub 4 9  
I11 R6 4 9  

POC #3c 3.5 g 

b + Preasphaltene Yields from Coalsa 
W t .  Residue W t .  P+A %P+A Conversion ------------------------------------------- 

3.1 g 1.5 g 30% 38% 
0.8 g 0.03 g 3% 20% 
2.0 g 0.6 g 17% 43%c 
1.0 g 2.24 g 56% 75% 
1.0 g 1.0 g 25% 75% 
1.7 g 1.0 g 43% 58% 

a10 minutes, 430 5 OC. 

bbased on recovered coal ((Wt . Coal - W t .  Residue) / W t .  Coal ) , inc ludes 
t r a n s f e r  losses, hexane-soluble products not  Included i n  P+A. and 
p a t e r  losses. 

40 minutes, 430 I 5O C 

Table 111. GPC Data For THF-Soluble Products o f  Coal -Tet ra l in  
Unfract ionated Reaction Mixtures 

Coal Area % Area % Area % 

I11 16 3.9 17.3 78.8 
I11 #6a 0.3 13.2 86.5 
Pi t tR8 5.9 35.0 59.1 
Penn UF 1.0 28.1 70.9 
Wyo Sub 0.6 25.3 74.1 
POC R3 0.5 7.8 91.7 
POC #3b 0.6 11.0 88.4 

:Coal was pre-ext racted w i th  THF before react ion 

-----------__-_-------------------------------------------- 
MW Above 8500 MW 8500-600 MW Below 600 --------_______-----____________________------------------- 

----------------------------------------------------------- 
40-minute reac t i on  t i m e  
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Table V. 13C Spectroscopic resu l t s  from P+A f rac t i ons  

Coal D i s t r i b u t i o n  o f  Aromatic C Aromaticitya,% 
%, ppm range 

I11 86 10 44 46 81 
Wyo Sub 12 41 47 76 
POC #3 7 55 38 ND 
P i t t  18 10 43 47 80 
Penn UF 7 34 59 70 

168-148 148-129.5 129.5-110 

---------------------------------------------------------- 
aEstimated e r r o r  +5% 

Table V I .  GPC Data o f  THF Extracts o f  Premium Coals 

Coal Area % Area % Area % 
MW Above 8500 MW 8500-600 MW Below 600 

.......................................................... 

---------------------------------------------------------- 
I11 #6 1.6 30.6 67.9 
P i t t  88 5.1 31.9. 63.1 
Penn UF 0.2 10.9 89.0 
Wyo Sub 0.4 7.7 92.0 
POC 13 0.1 9.6 90.0 
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1 

4 

8500 600 130 8500 600 130 8500 600 130 ------------- Polystyrene Molecul a r  Weight Retention Values------------- 

A B C 

Figure I. Gel Permeation Chromatography Traces f o r  A) Unfractionated 
Coal/Tetralin Reaction Mixtures: B) Products of THF extract ion of  the  raw 
coals ,  and C)  THF-Soluble, Hexane-insoluble Products (Preasphaltenes and 
Asphaltenes). The coa ls  a re  Row 1, I l l i n o i s  #6; Row 2,  Pittsburgh #8; Row 3 ,  
Pennsylvania Upper Freeport; Row 4,  Wyoming Subbituminous; Row 5,  Pocahontas 
13 
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INTRODUCTION 

Coal conversions typically involve reacting coal under severe conditions of temperature 
and pressure. As a result, bond cleavage is nonselective and often accompanied by retrogres- 
sive (bond forming) reactiona. Thia has resulted in less than satisfactory results in deducing 
coal structure, coal behavior, and reactivity. Incorrect model of the basic structural units of 
the coal, and the nature of the linkages joining these units have been postulated. In our 
laboratory, we are studying the solubikation of coal a t  ambient temperatures and pressures 
using a site-speciic reagent potassium-crown ether (K-CE), and the characterization of the 
soluble coal oligomer fragments (1,2). The small size and high reactivity of the solvated elec- 
trons generated by the K-CE reagent, promotes cleavage reactions at ether (3-S), ester ( e ) ,  
and diarylethane linkages (6,7), resulting in depolymerization and solubilization of coal. 
Reduction of aromatic rings to dihydro and tetrahydro analogs also Occur (2,s). In this paper 
we report on the solubilisation of a Wyodak premium subbituminous coal using K-CE 
reagent. The characteriration of the eolubilired coal fragments by IR, NMR, GPC, and 
microanalysis, is described. 

EXPERIMENTAL 

Material 

Premium Wyodak subbituminous coal (-20 mesh, C=74%, H=5.1%, 0=20%, S=O.S%) 
was obtained from the Argonne Premium Coal Sample Bank, Argonne National Laboratory, 
IL. Coal samples were used immediately upon opening the glass ampoule. -100 mesh coal used 
in our study was prepared by grinding the -20 mesh coal in a glove box under liquid nitrogen. 
The coal was then dried under vacuum for three houra and used immediately for the K-CE 
reactions. 

Reactlon or Wyodak Coal With  K-CE Reagent 

The stoichiometry of the reagents, and the experimental conditions for the coal-K-CE 
reaction followed established procedure as reported earlier (1,2). The work-up procedure for 
the reactisn in ahown in Figure 1. 

Spectroncopic Analyein 

Proton NMR spectra waa obtained from a Nicolet NTC-470 spectrometer (470 MHz) a t  
ambient temperature. Coal samples (20 mg) were dissolved in 0.5 ml of chloroform-d (THF-1 
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fraction), or DMSO-d6 (THF-2 and alkali-soluble fractions). Proton decoupled I3C NMR spec- 
tra were obtained from NTC-200 (50 MHz) a t  45OC (22OC for THF-1 fraction). The sample 
concentration was 50 t o  75 mg of sample per 1 ml of Nh4Ft solvent. For alkali-soluble fraction 
NaOD/D,O was used in the 

Gel Permeat ion  Chromatography 

Gel Permeation Chromatography (GPC) experiments were carried out on a Waters M- 
6000A pump with two ultrastyragel columns (500 A and 1,000 A) in tandem using THF 
eluent and a differential refractometer detector. Polystyrene standards were used to  obtain a 
calibration plot. The molecular weight distribution of the THF-soluble coal samples were 
based on the elution time and the standard calibration plot. 

NMR experiment. 

RESULTS AND DISCUSSION 
Solubility S tudies  

The work-up of the coal/K-CE reaction mixture and the extraction of coal into different 
soluble fractions (THF-1 fraction, alkali-soluble fraction, and THF-2 fraction) are shown in 
Figure 1. The percent coal solubilized in the various fractions is summarized in Table 1. 

Our previous report (2) suggests that the solubility of K-CE treated coal is related to the 
stoichiometries of the reactants. We found that when the ratio of potassium to coal was 
decreased, the solubility of coal decreased significantly. We also found that successive K-CE 
reactions with coal solubilized additional coal. A total solubility of up to 70% was obtained 
after a coal sample was consecutively treated with K-CE reagent for three to four times. 
These results suggest that the diffusion of the solvated electrons into the coal matrix is an 
important factor in determining the solubility of coal, (the amount of soluble coal oligomer 
fragments formed) after the K-CE reaction. 

The present results showed that the diffusion of the solvated electrons is, indeed, an 
important factor in determining the solubility of the coal, especially the alkali-soluble frac- 
tion, in the coal/K-CE reactions. AB shown in Table 1, when the coal particle size was 
changed from -20 mesh to -100 mesh, the alkali-soluble fraction increased from 25% to 47%, 
whereas the THF-1 and THF-2 fractions did not change significantly. A smaller particle size 
of coal provides more surface area which allows more of the solvated electrons to react with 
the aryl ether, ester, and aryl ethane linkages of the coal macromolecule. The alkali-soluble 
fraction increased two fold on going from a -20 mesh coal particle size to -100 mesh, while the 
THF-1 and THF-2 fractions were not affected as much. These results suggested that the 
cleavage of the aryl ether and ester linkages was a predominant reaction during the coal/K- 
CE reaction. 

The alkali-soluble fraction was also subjected to THF extraction. The results are summar- 
ized in Table 2. It was interesting to note that the THF extractability of the alkali-soluble 
fraction from the second KlCE reaction (72%) was higher than that of the first K-CE reac- 
tion (55%). During the second K-CE treatment, greater reduction of the polar groups of the 
coal structure, such as aromatic hydroxyl group to a corresponding less polar dihydro-ketone 
group, would account for the observed higher solubility in THF. 

Elemental  Analysis 

Elemental compositions of the soluble fractions, the insoluble fractions, and the original 
premium Wyodak coal are shown in Table 3. The results show tha t  there was an overall 
increase of the hydrogen content. This hydrogen uptake suggested that Birch-Huckel type 
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reductions, and cleavage of aryl methylene linkages and ether linkages occurred during the 
K-CE reaction (7). 

THF-1 and THF-2 fractions show relatively high H:C ratios indicating that these fractions 
are rich in aliphatic material. The THF-1 extraction step (Figure 1) extracted the non-polar 
hydrocarbon material, that arose from the cleavage of the macromolecular network or was 
present as trapped molecules. THF-2 step extracted hydrocarbon material containing some 
polar functionality like OH, or COOH groups (confirmed by high field proton NMR spectros- 
copy) discussed in the next section. Under alkaline conditions, they are present in salt form 
(Le., -0-W), and therefore, not extracted during the THF-1 extraction. However, these com- 
pounds were not acidic enough (contained more hydrocarbon groups, to make it alkali- 
soluble). Acidification of the residue converted the salts into the free acid form (O--W to 
-OH) and this rendered the hydrocarbon material THF extractable. 

An oxygen balance of the K-CE reaction is shown in Table 3. The result showed that 
there was no significant increase or uptake of oxygen during the reaction. This was important 
to  establish because of the distinct presence of a number of oxygen functionalities like car- 
boxylic groups, phenolic -OH groups, and carbonyls in all the extracts. Therefore, the appear- 
ance of these oxygen functionalities arose by chemical transformations (cleavage reactions, 
reductions) of the original oxygen functionalities. 

Gel Permeation Chromatography Analysis 

GPC was carried out on all the THF-soluble fractions including THF-1 fraction, THF-2 
fraction, and THY extract of the alkali-soluble fraction. GPC experiments were expected to 
yield information on the size (molecular weights and molecular weight distribution) of the 
various clusters being held together by K-CE cleavable linkages. The absolute molecular 
weights of the coal extracts were not determined. The results of the GPC analysis are sum- 
marized in Table 4. 

The results show that K-CE reagent is dismantling the coal macromolecule into low 
molecular weight, non-polar, hydrocarbon material (THF-l), large (34,000-42,000 and 900- 
1400) polar oligomer fragments (THF extract of the alkali-soluble fraction), and a second 
hydrocarbon fraction (Mw 1300-2200) containing few polar (-OH) functionalities. The results 
also suggested that upon second consecutive treatment of the coal sample, the size of the 
resulting coal oligomer fragments are slightly larger than that of the first K-CE reaction. A 
definite confirmation of these results would require the determination of the absolute molecu- 
lar weight of the coal extracts. 

Infrared Spectroscopy 

Infrared spectra of the soluble fractions were obtained and compared to that of the origi- 
nal untreated coal. IR spectra of THF-1 and THF-2 fraction both showed strong absorption 
at the aliphatic C-H stretching regions, which corresponds well with the finding of the 
microanalysis. The carbonyl absorption bands (1725 and 1700 ern-') are found in the IR spec- 
t ra  of all the soluble fractions. These carbonyl absorptions are attributed to the functional 
groups such as ketone and carboxyl which arose from the reduction of the phenolic OH and 
the cleavage of the ester groups (2,Q). 

NMR Spectroscopy Analysia 

Proton NMR spectra of the soluble fractions are shown in Figure 2. The spectra of THF-1 
and THF-2 fractions (Figure 2A and Figure 2C) confirmed that hydrocarbon material is more 
abundantly in the THF fractions than in the alkali-soluble fraction. Strong signals a t  1.3 

. 
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ppm and at  1.0 ppm correspond to the methylene protons of long chain polymethylenes and 
the parafinic methyl protons respectively. Broad signals a t  9-10 ppm and 11-13 ppm 
corresponding to  the phenolic protons and carboxylic protons respectively are found in the 
spectra of the alkali-soluble fraction and the THF-2 fraction. The broad signals disappeared 
from the spectra upon the addition of D,O to  the NMR samples thus confirming the presence 
of these acidic protons. The disappearance of the 4.0 ppm strong broad signal on addition of 
&O t o  the NMR sample, suggested the presence of aliphatic alcohols. These aliphatic 
alcohols could arise from the cleavage of the ester linkage of the coal macromolecule. 

I3C NMR spectra of the alkali-soluble fractions from first and second K-CE reactions are 
shown in Figure 3. I t  is interesting to note an increase in the intensity of the peak centered 
around 110 ppm (corresponding to olefinic carbons) in the spectrum of the alkali-soluble frac- 
tion from the second K-CE reaction. The results suggest that during the second K-CE treat- 
ment, more of the aromatic ring of the coal oligomer fragments were reduced to the 
corresponding dihydroaromatics. The spectrum of the alkali-soluble fraction from second K- 
CE reaction also showed a sharp decrease in the intensity of the alkane carbons resonances. 

The proton and I3C spectra of the soluble fractions obtained from the K-CE treated prem- 
ium Wyodak coal were compared with the proton and I3C spectra of similar fractions of the 
K-CE treated regular Wyodak coal obtained from Electric Power and Research Institute 
(EPRI), and stored under water. The spectra are compatible, i.e., the same distinct struc- 
tural characteristics are observed in the soluble fractions from both the premium Wyodak 
and regular Wyodak coals. 

SUMMARY 
In this paper we have shown that a total of 53% premium Wyodak coal was solubilized 

into THF- and alkali-soluble fractions after the first K-CE reaction. The alkali-soluble frac- 
tion accounted for 89% of the total solubles. This result is consistent with our previous 
findings using the regular Wyodak coal obtained from EPRI. The results showed that a 
decrease in the coal particle size increased the amount of alkali-soluble coal formed. The oxy- 
gen balance, based upon the results of the elemental analysis, showed that the oxygen func- 
tionalities (phenolic and carboxylic OH groups and carbonyl groups) found in all the soluble 
fractions arise by chemical transformations (cleavage reactions, reductions) of the original 
functionalities. 
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Table 1. Solubility of Premium Wyodak Subbituminous 

THF-1 Alkali-Soluble THF-2 Total 
Fraction 1%) Fraction (%) Fraction (%I 

One K-CE 
Reaction4 7 25 2 34 

Total of Two 
K-CE Reaction" 9 29 6 44 

One K-CE 
Reaction' 4 47 2 53 

a. 

b. 

Particle size of coal was -20 mesh. 

Particle size of coal was -100 mesh. 

Table 2. THF Solubility of Alkali-Soluble Fractions 
and Total Solubility in THF for Wyodak Subbituminous' 

% THF Solubility 
of Alkali-Soluble Fraction 

Total % THF 
Solubility for Wyodak 

First K-CE ~ 

Reaction (20 mesh) 55 (out of 21%) 24 

Second K-CE 
Reaction (20 mesh) 72 (out of 14%) 15 

First K-CE 
Reaction (100 mesh) 53 (out of 47%) 31 

a. 

b. 

THF extraction of untreated Wyodak coal was negligible. 

This includes THF-1 and THF-2 fractions, and THF fraction of alkali-soluble. 
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Table 3. Elemental Analysis of Premium Wyodak Subbituminous 
and Soluble Fractions' (Moisture and ash-free values) 

Coal Empirical 
Samples C H 0 N S H/C Yield%' Formula 

Wyodak' Subbituminous 74  6.1 20 0.40 0.50 0.83 Ci&dJm 

THF-1 Fraction 77.9 8.9 12.9 0.20 0.36 1.37 7.38 Cl&lmO12 

Alkali-Soluble Fraction 71.2 4.9 22.3 0.98 0.69 0.82 26.01 Cl&aO, 

THF-2 Fraction 74.6 7.4 16.8 0.54 0.63 1.19 2.45 Cl&llDO17 

Inwluble Fraction 72.1 6.4 21.1 0.89 0.52 0.90 57.82 Cl&wOz 

Total Yield I - - - - -  

Normaliied to C,m - - - - - -  
92.66 ~,;~,eolD.8 

- C , d m 0 , ,  

a. 

b. 

e. 

The results reported here are from first K-CE reaction. 

These values are from the Argonne National Laboratory reported data. 

The solubility % yield from first K-CE reaction. 

Table 4. GPC Results of THF Soluble Fractions - 
Molecular Weight Distribution 

NumbeLAverage Weight - Average Peak Mol. Wt. 
M M. 

Firet K-CE Reaction' 
THF-1 Fraction 414 1441 1117 
THF-2 Fraction 986 4029 2244 
Alk-THF Fraction 23,990 27,170 33,880 

532 1457 930 

Second K-CE Reaction' 
THF-1 641 1981 906 
THF-2 1079 4059 1319 
Alk-THF Fraction 32,345 35,030 42,204 

One K-CE Reactionb 
THF-1 Fraction 522 1606 , 956 
THF-2 Fraction 1310 4070 1784 
Alk-THF Fraction 20,080 24,860 35,714 

1062 2553 . 1395 

a. 

b. 

The coal particle siie was -20 mesh. 

The coal particle size was -100 mesh. 
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b 

Residue subjected to a 
Second K-CE Reaction, 
and a Third, etc. 

\L 
Wyodak Coal + K-CEKHF 

1. Quenched at 0°C 
2. Lyophilized 
3. Alkaline Residue; 

Extract with THF 

\L 
[THF-I] 

Evaporate THF; 
Acidify Filtrate 
Wash with H20 

\L 
Residue 

Water; Alkali Wash 

I 
Alkali Solubles 
Precipitate Coal Oligomers 
With Acid 

Extract with THF 

\L 
Alkali-THF Soluble 

\L 
THF- 
Insoluble 

Residue *Acidified 
Washed with H20; 
Reject Washings 
[CE; K-Salts] 

Figure 1. Work-up of the CoallK-CE Reaction. 

Extract with 
THF 

\L 
Resldue 

L 
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CHARACTERIZATION OF TfIE BJlNZENE UEl"I0L EFIBACTS 
PBOn TBE ARGONNR PBElIIUn COAL SAMPLES 

Y. J. Xia, P. H. Nei l1  and R. E. Winans 

Chemistry Divis ion,  Argonne Nat ional  Laboratory, 
9700 South Cass Avenue, Argonne, I l l i n o i s  60439 

INTRODUCTION 

The Argonne Premium Coal Samples represent  a unique oppor tuni ty  t o  s tudy 
a s e t  of p r i s t i n e  samples s e l e c t e d  t o  represent  t h e  vas t  d i v e r s i t y  of chemical 
s t r u c t u r e s  e x h i b i t e d  by U.S. coals. I n  order  t o  determine i f  t h e r e  w i l l  be 
any non-oxidative changes i n  these coa ls  dur ing  long term s t o r a g e  a p r o j e c t  
h a s  been i n i t i a t e d  u t i l i z i n g  a wide rage of chemical and phys ica l  tech-  
niques. One of t h e s e  techniques meant t o  focus on any changes which may occur  
i n  the v o l a t i l e s  and e x t r a c t a b l e s  is descr ibed i n  this  paper. 

We b e l i e v e  t h a t  t h e  m a t e r i a l  t h a t  can be ex t rac ted  from t h e  coal  w i l l  
provide important  in format ion  concerning any changes which may occur dur ing  
long term s torage .  These m a t e r i a l s  a r e  e a s i l y  s tud ied  by wel l  es tab l i shed  
technLques (1-5) and t h e  sugges t ion  has been made t h a t  they may be repre-  
s e n t a t i v e  of t h e  chemical s t r u c t u r e s  Eound i n  t h e  bulk coa l  (1-3). 

EXPERIMENTAL 

An overview of t h e  experimental  procedures is presented  i n  Figure 1. In  
order  t o  reduce exposure t o  atmospheric oxygen a l l  t r a n s f e r s  and weighings 
were performed i n  a glove box under ni t rogen.  The Argonne Premium Coal 
Samples (APCS) used i n  t h i s  s tudy and t h e i r  e lemental  a n a l y s i s  a r e  given i n  
Table 1. The p r e p a r a t i o n  of t h e  Argonne Premium Coal Samples has been 
descr ibed by Vorres and Janikowski (6). A l l  of t h e  samples were - 100 mesh 
except  f o r  APCS 12 and #6 which were not  a v a i l a b l e  i n  t h e  smaller mesh s i z e  
when the  work was performed. The c o a l s ,  excluding the  low rank APCS 1 2  were 
d r i e d  before  e x t r a c t i o n  a t  100°C f o r  16 hours under vacuum then  brought t o  
constant  weight. APCS #2 was ex t rac ted  without  drying due t o  p o s s i b i l i t y  t h a t  
drying would i r r e v e r s i b l y  modify its phys ica l  and chemical s t ruc ture .  The 
water  content  of t h i s  coa l  was determined in a s e p a r a t e  experiment. 

Each c o a l  was e x t r a c t e d  i n  250 m l .  of b o i l i n g  benzene/methanol (31/69 w/w 
percent )  f o r  48 hours  under ni t rogen.  The e x t r a c t  was removed by vacuum 
f i l t r a t i o n .  The r e s i d u e  w a s  washed with ca. 50 rnl. of the benzenelmethanol, 
d r ied  a t  100°C under vacuum t o  cons tan t  weight. The benzene/methanol was 
s t r i p p e d  from t h e  e x t r a c t  a t  70°C under vacuum i n  a ro ta ry  evaporator  and t h e  
e x t r a c t  brought to  cons tan t  weight. 

The e x t r a c t  was then separa ted  i n t o  n ine  f r a c t i o n s  us ing  t h e  desorpt ion 
column chromatographic technique developed by Farcas iu  (7). I n  our appl ica-  
t i o n  of t h i s  technique  t h e  e x t r a c t  was d isso lved  i n  7 m l .  of t h e  
benzenelmethanol and coated on 6.65 grams of dr ied  s i l i c a  g e l  by evaporat ing 
t h e  solvent .  The coated s i l i c a  g e l  was placed on t h e  top  of the column 
containing 26.8 grams of Aldrich Grade 12 s i l i c a  ge l .  This  s i l i c a  g e l  had 
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been dr ied  f o r  8 hours  a t  120°C and then  rehydrated t o  4 percent  water. The 
s e q u e n t i a l  e l u t i o n  s o l v e n t s  in order  of use and t h e  c l a s s e s  of compounds 
repor ted  f i n d i n g  in each f r a c t i o n  a r e  presented in Table 2. A s tandard  volume 
of 500 m l  was used f o r  each e l u t i o n .  In order  t o  c o r r e c t  f o r  s i l i c a  g e l  d i s -  
solved in each of t h e  f r a c t i o n s ,  blank e l u t i o n s  were performed under t h e  same 
condi t ions  as used f o r  t h e  a c t u a l  separa t ion .  The so lvent  was s t r i p e d  form 
each f r a c t i o n  by r o t a r y  evaporat ion under vacuum, and t h e  e x t r a c t  brought t o  
constant  weight. 

Analysis of each f r a c t i o n  was by Gel Permeation Chromatography (GPC) and 
Gas Chromatography Mass Spectroscopy. The GPC separa t ion  in u t i l i z e d  t h r e e  
U l t r a  S tyrage l  columns wi th  exclusion limits of 1000, 500 and 100 angstroms 
connected in s e r i e s  t o  an r e f r a c t i v e  index and u l t r a v i o l e t  d e t e c t o r .  The 
te t rahydrofuran  mobil phase was pumped through t h e  columns a t  a f l o w  r a t e  of 
1 ml/min. C a l i b r a t i o n  f o r  the  conversion of r e t e n t i o n  times t o  molecular  
weight u t i l i z e d  a s e r i e s  of aromatic  compounds ranging from naphthalene 
(128 g/mole) t o  erythromycin (734 g/mole). The GCMS s e p a r a t i o n s  were 
performed on a Kratos MS25 instrument  wi th  a OV-1701 column. 

Solvent swel l ings  of t h e  res idues  from t h e  e x t r a c t i o n s  were performed 
us ing  t h e  grav imet r ic  technique u t i l i z e d  by Green e t  a l .  ( 8 ) .  B r i e f l y  ca. 
1.1 grams of t h e  res idue  from t h e  e x t r a c t i o n  w a s  placed in a d e s i c c a t o r  w i t h  
t h e  benzene methanol swel l ing  mixture in t h e  base. The so lvent  mixture  w a s  
f rozen  and t h e  d e s i c c a t o r  evacuated t o  remove the  air. After  thawing t h e  
f r e e z e  thaw cyc le  was repeated t w o  more t i m e s .  The s w e l l i n g  c o e f f i c i e n t s  
(weight of swollen coal/weight of unswollen c o a l )  were determined a f t e r  36 
hours. 

I 

RESULTS AND DISCUSSION 

The y i e l d s  of benzene/methanol e x t r a c t a b l e s  a r e  p l o t t e d  versus  carbon 
content  i n  F igure  2. Excluding Wyodak subbituminous c o a l  (APCS # 2 ) ,  t h e  
y i e l d s  decreased with rank in a non-linear manner. The low e x t r a c t a b i l i t y  of 
Wyodak, r e l a t i v e  t o  t h e  t rend def ined by t h e  h igher  rank c o a l s ,  may be 
a t t r i b u t a b l e  t o  two f a c t o r s .  This coa l  conta ins  a m c h  h igher  oxygen 
content .  Thus, t h e  e x t r a c t a b l e s  from t h i s  c o a l  should be more p o l a r  and 
e x h i b i t  a g r e a t e r  propens i ty  towards in t ramolecular  hydrogen bonding than  
e x t r a c t a b l e s  from c o a l s  of h igher  rank. The r e l a t i v e l y  non-polar 
benzene/methanol may be incapable  of s o l v a t i n g  t h e  p o t e n t i a l l y  e x t r a c t i b l e  
mater ia l .  The so lvent  swel l ing  c o e f f i c i e n t  (Figure 6) f o r  t h i s  coa l  i n d i c a t e s  
t h a t  benzene/methanol does not  show a d i s p a r i t y  in its a b i l i t y  t o  g a i n  access  
t o  t h e  macTomolecular s t r u c t u r e .  The Wyodak c o a l  contained 30.'4 f 0.4 percent  
water  which was t h e  h ighes t  water content  of a l l  t h e  coa ls  s tudied.  It was 
a l s o  the  only coa l  which was not dr ied  p r i o r  t o  ex t rac t ion .  The water  from 
t h i s  coa l  could have modified t h e  e x t r a c t i o n  p o t e n t i a l  of t h e  benzene methanol 
enough t o  account f o r  t h e  observed y ie ld .  R e p r o d u c i b i l i t i e s  of t h e  
e x t r a c t i o n s  were q u i t e  good with s tandard  d e v i a t i o n s  a s  i n d i c a t e d  by t h e  e r r o r  
b a r s  on Figure  2. ranging from 0.0 t o  0.22 percent  of t h e  mean e x t r a c t i o n  
y ie ld .  

The percentage of t h e  benzene/methanol e x t r a c t  in each of t h e  LC 
f r a c t i o n s  cor rec ted  f o r  d i sso lved  s i l i c a  g e l  is presented in Figure 3. The 
so lvent  or mixture  used t o  e l u t e  each of t h e  f r a c t i o n s  can be found in 
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Table 2. Only f r a c t i o n s  2,  5 and 6 appeared t o  show any rank dependence. 
Frac t ion  2 which Farcas iu  (7)  a t t r i b u t e d  t o  small non-polar  aromatics  was 
found t o  conta in  a homologous s e r i e s  of l i n e a r  a lkenes of even number domin- 
ance ,  having a maximum in t h e i r  d i s t r i b u t i o n  near  20 carbons. This d i s t r i -  
but ion is probably not  inherent  t o  t h e  coa l ,  but  an a r t i f a c t  of t h e  severe  
condi t ions  used i n  removing the  s o l v e n t s  from t h e  e x t r a c t s  and LC f r a c t i o n s .  
Figure 4 presents  t h e  t o t a l  e x t r a c t  in t h i s  f r a c t i o n  p l o t t e d  with respec t  to  
carbon content  f o r  each of t h e  coa ls  s tud ied .  The oppos i te  t rend  may occur ,  
w i t h  a h igher  percentage of the  e x t r a c t  from the  higher  heteroatom content  
lower ranked coa ls  e l u t i n g  i n  f r a c t i o n s  5 and 6. This t rend  of a higher  
percentage of the e x t r a c t a b l e 6  e l u t i n g  a t  h igher  e luent  p o l a r i t y  f o r  lower 
rank coal  is i l l u s t r a t e d  i n  Figure 5 where y i e l d s  a r e  p l o t t e d  versus  f r a c t i o n  
number f o r  Upper Freepor t  and Wyodak coals .  Although t h e  t r e n d s  can e a s i l y  be 
seen  t h e  e r r o r s  a s s o c i a t e d  with t h e  measurements a r e  so l a r g e  t h a t  no 
s t a t i s t i c a l l y  v a l i d  conclusion can be drawn. 

The average molecular  weight from GPC f o r  LC f r a c t i o n s  2-9 is presented 
in Figure 6. A l l  of  t h e  r e t e n t i o n  times were w i t h i n  t h e  l i n e a r  por t ion  of t h e  
c a l i b r a t i o n  curve (128-734 grams/mole). One must be c a r e f u l  i n  ass igning  
moleQlar  weights  f o r  GPC r e t e n t i o n  t imes f o r  compounds d i s s i m i l a r  t o  t h e  
c a l i b r a t i o n  s tandards  due t o  the b a s i s  of t h e  GPC technique on molecular s i z e  
r a t h e r  t h a n  molecular  weight (9). However, comparisons of i n t r a f r a c t i o n  
v a r i a t i o n  in molecular  weight should be v a l i d  i f  s i m i l a r  mater ia l  is e lu ted  
f o r  each sample. The maximum i n  t h e  molecular weight d i s t r i b u t i o n  increased 
up to f r a c t i o n  7. I n d i c a t i n g  a p o s s i b l e  dependence of the-LC f r a c t i o n a t i o n  
technique on molecular  s i z e  a s  w e l l  a s  f u n c t i o n a l i t y .  Above f r a c t i o n  6 t h e  
molecular weight appeared t o  decrease. Only a small amount of t h e  t o t a l  
e x t r a c t  (< lo%)  was e l u t e d  i n  these  two f r a c t i o n s .  No v a l i d  i n t r a f r a c t i o n  
d i f f e r e n c e s  could be observed, due t o  t h e  s i m i l a r i t i e s  i n  t h e  mean molecular 
weight values  and t h e  r e l a t i v e l y  l a r g e  e r r o r s  assoc ia ted  with t h e  treasure- 
ments. 

The swel l ing  c o e f f i c i e n t  in benzene/methanol is p l o t t e d  versus  carbon 
content  in Figure 7. It decreases  w i t h  rank in a non-linear manner up t o  
Upper Freepor t  c o a l  (APCS #I )  a t  87.1 percent  carbon. The Pocahontas l v  
bituminous coa l  (APCS 8 5 )  a t  89.6 percent  carbon exhib i ted  a s t a t i s t i c a l l y  
s i g n i f i c a n t  i n c r e a s e  in i t s  swel l ing  c o e f f i c i e n t .  This break in t h e  swel l ing  
t rend  corresponds t o  t h e  break in the  c o a l i f i c a t i o n  p a t t e r n  around 87 percent  
carbon a t t r i b u t e d  t o  a maximum in t h e  macromolecular c ross - l ink  dens i ty  by 
Larsen and Kovac (10). Standard devia t ions  were found t o  be l e s s  than 0.4 
percent  of t h e  s w e l l i n g  c o e f f i c i e n t  i n d i c a t i n g  a v a l i d  d i f f e r e n c e  between t h e  
mean va lues  f o r  e a c h  of t h e  coals  s tud ied .  

CONCLUSIONS 

S i g n i f i c a n t  d i f f e r e n c e s  have been observed in t h e  t o t a l  amount of 
m a t e r i a l  e x t r a c t e d  from t h e  Argonne Premium coal  samples and t h e  swel l ing  
c o e f f i c i e n t s  of t h e  r e s u l t i n g  res idues .  Each genera l ly  decreased with 
increas ing  carbon conten t  a s  would be expected. Differences were observed in 
t h e  amount of the e x t r a c t  p ropor t iona t ing  i n t o  each of t h e  LC f r a c t i o n .  A 
higher  percentage of t h e  e x t r a c t  from coa ls  of lower rank appeared t o  e l u t e  i n  
t h e  more p o l a r  f r a c t t o n s ,  although t h e  experimental  procedure w i l l  have t o  be 
r e f i n e d  before  one can be sure  t h a t  t h i s  conclusion is val id .  There d id  not  
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appear t o  be any s i g n i f i c a n t  d i f f e r e n c e s  between t h e  i n t r a f r a c t i o n  maximum in 
the  molecular weight p r o f i l e  f o r  any of t h e  samples. The da ta  repor ted  in 
t h i s  paper represents  b a s e l i n e  va lues  f o r  t h e  benzene/methanol e x t r a c t a b l e s  
from the  Argonne Premium Coals. The next phase of t he  p r o j e c t  w i l l  involve  
t h e  r e p e t i t i o n  of these  experiments in order  t o  determine i f  any changes a r e  
occurr ing during s torage.  
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TABLE 1. Composition of t h e  Coals used in t h i s  Study. 

APCS No. Coal X Carbon Composition 

(dmmf) 

~~~~~ 

1 Upper F r e e p o r t  mv bituminous 87 ' '1 OOH7 5. 8N1. 48'. 26'2.58 

2 Wyodak subbituminous 72 '0  C100H95.0N1. 19s.26021. 3 

3 Illinois 16 hvC bituminous 77'8 c100HS7. gN1, 54'1.30O8.8 
4 P i t t s b u r g h  NO. 8 hvA bituminous 83.4 C100H84.gN1.69S0.4006.03 

5 Pocahontas l v  bituminous 89* '100H62. gN1. 15s0.1703. 2 6  

6 Utah Blind Canyon bituminous 75 '7  C100Hlll.0N1.59S0.2015.16 

TABLE 2. The sequence of s o l v e n t s  used f o r  t h e  e l u t i o n s  of t h e  var ious LC 
f r a c t i o n s ,  and c l a s s e s  of compounds e l u t e d  a s  reported by 
F a r c a s i u  (7 ) .  

F r a c t i o n  No. Solvent  Major Components 

1 Hexane S a t u r a t e s  

2 Hexane/l5% benzene Aromatics 

3 Chloroform Polar  aromatics ,  Non-basic 
N,O,S-heterocyclics 

4 Chloroform/lO'C d i e t h y l  e t h e r  Monophenols 

5 Diethyl  e ther /3% e thanol  Basic  n i t rogen  he terocycl ics  

6 Methanol 

7 Chloroform/3% e thanol  

8 Tetrahydrofuran 

9 Pyr id ine /3% e thanol  

10 

Highly f u n c t i o n a l  molecules 
010  w t %  heteroatoms) 

Polyphenols 

Increas ing  0 content  and 
increas ing  b a s i c i t y  of n i t rogen  

Increas ing  0 content  and 
i n c r e a s i n g  b a s i c i t y  of n i t rogen  

Non-eluted, u n i d e n t i f i e d  
m a t e r i a l s  
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Cobalt Stearate-Aluminum Alkyl Catalyzed Hydrogenation of Illinois 
no. 6 High Volatile Bituminous Coal and Model Compounds 

Lowell D. Kispert and Abbas Alvanipour 

Department of Chemistry, The University of Alabama, 
Tuscaloosa, AL 35487 

INTRODUCTION 

In a previous study, some preliminary results (1) showed that a 
particular cobalt stearate-aluminum alkyl (Co(stearate)2Et3Al), [I], 
homogeneous transition metal complex related to Ziegler catalysts was 
a very effective hydrogenation promoter under mild temperature 
conditions (50-100°C) and hydrogen pressures of from 500-1000 psi. 
Initial results indicated significant yields of gasoline-light oil 
products from solvent refined coal at 90°C and hydrogen pressures of 
700 psi. Ziegler catalysts are not often used for hydrogenation and 
are rarely employed for coal hydrocracking. However since they have 
been shown to hydrogenate olefins (2) and aromatic compounds and are 
Lewis acids, it seems possible to use them in some instances as 
hydrocracking catalysts. Besides our earlier findings for [I], Dinh 
et al. (3) have also described selective hydrogenation of naphthalene 
by Ziegler type catalysts consisting of metal stearates, 
acetylacetonates and aluminum alkyls. For example hydrogenation of 
naphthalene using a nickel stearate - A1Et3 catalyst (5:20 mole 
equivalent ratio of Ni/Et3Al) yielded 93% tetralin at 15OoC and 44 
psi, while the use of cobalt acetylacetonate - A1Et3 (5:25) yielded 
99% tetralin at 15OoC and 145 psi in an eight hour reaction period. 
Other Ziegler hydrogenation catalysts have been reported to promote 
the hydrogenation of aromatic compounds but under more drastic 
conditions. The complexes of triethylaluminum with Co (2- 
ethylhexanoate)2 and Ni(2-ethylhexanoate) have been used to produce 
100% conversion (2) of naphthalene [11] $0 decalin and tetralin at 
21OoC and 1000 psi. Both catalysts have also been used with benzene, 
a particularly difficult compound to hydrogenate (2, 4). 

Studies (2, 4-5) have shown that the reactivity of the catalyst 
varies with the transition metal and anionic ligand in the order 
Ni>Co>Fe>Cr>Cu and 2-ethylhexanoate>benzoate>acetoacetate>acetate~ 
chloride respectively. This roughly follows the order of solubility 
of the transition metal salts in the hydrocarbon solvents used in the 
reactions. 

Since most of the aromatic structures studied consisted of one, 
two and three ring units, the Ziegler catalysts used as hydrogenation 
catalysts should successfully add hydrogen to the aromatic rings in 
coal. Significantly, aromatic compounds such as naphthalene [11] and 
polynuclear nitrogen heteroaromatic compounds such as quinoline [III] 
are found to occur in coal and oil shale. The selective hydrogenation 
of these materials to form additional useful compounds i.e., 
naphthalene [II] to form 1,2,3,4-tetrahydronaphthalene [Iv] would 
provide an alternate use of a rather abundant natural resource. 
Recently, it has been reported ( 6 )  that quinolines and isoquinoline 
can be selectively hydrogenated in the nitrogen-containing ring to 
form 1,2,3,4-tetrahydroquinoline [VI and N-formyl-1,2,3,4-tetrahydro- 
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isoquinoline by means of a carbon monoxide and water mixture in the 
presence of a catalytic amount of rhodium carbonyl cluster at 15OoC, 
800 psi hydrogen and with stirring for 24 hr. We wish to report that 
similar hydrogenation of naphthalene [11], quinoline [111], 2- 
methylquinoline, and isoquinoline can be carried out using catalyst 
[I] under somewhat milder conditions but no hydrogenation occurs for 
nitro- or chloro substituted quinolines. We will also discuss the 
results of using catalyst [I] to hydrogenate Illinois no. 6 coal from 
the premium coal sample program. 

EXPERIMENTAL 

The catalyst system [I] for the hydrogenation of the model 
compounds, was prepared by the addition of 2.2 mmol of 
triethylaluminum in a dry N2 atmosphere to a suspension of 1.9 mole 
cobalt stearate in hexane. The black catalyst mixture was 
transferred under dry N2 to a bomb reactor and 31 mmol of substrate 
was added. The reactor was pressurized to the desired pressure and 
heated to the value given in Tables I and 11. The products were 

Table 1. Hydrogenation of naphthalene (11) with the Co(stearate)2- 
Et3A1 Catalyst 

Conditions % Yield* 
pressure Tetranydro- c1s- Trans- 

Time/h Temp OC Psi naphthalene Decalin Decalin 
(IV) 

16 90 700 95 - - 
7 90 700 95 3 1 
16 90 300 5 - - 
16 22 700 94 3 1 
16 45 700 90 6 2 

*based on GC analysis. 

Table 11. Hydrogenation of nitrogen heteroaromatic by Co(stearate)2- 
Et3Al Catalyst. 

Conditions* % Yield 
Substrate Temp A B C 

quinoline (111) 90 66 21 0 
27 

100 

52 
100 
100 
100 

-- RT 73 
isoquinoline 90 70 

RT 
2-methylquinoline 90 76 

RT 44 

-- -- -- -- 
-- -- -- 8-nitro-2-methylquinoline 90 

4-chloro-2-methylquinoline 90 
5-nitroquinoline 90 

-- -- -- -- 
A) 1,2,3,4-tetrahydro product. 
B) 5,6,7,8-tetrahydro product. 
C) remaining starting material. 

*all reactions were carried out at 700 psi pressure for 16 hrs. 
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1. 

i. 

purified by either distillation under reduced pressure or by running 
the crude products through a silica gel column (chloroform). NMR 
spectra of the products were recorded on a 60 MHz Varian EM 360L 
spectrometer. Gas chromatography analyses of products were performed 
on a Hewlett-Packard 5790 A Series chromatograph using Ultra cross- 
linked methyl Silicon gum column (25 m x 0.2 mm x 0.33 um film 
thickness). 

The hexane solvent was stored and distilled from 
Na/benzophenone. Naphthalene was used as purchased, however 
quinolines were dried over MgS04, filtered, and vacuum distilled. 
All reactions were carried out in a 150 cm3 capacity stainless steel 
high pressure bomb reactor that could be varied in temperature. The 
preparation of the catalyst, the assembly of the bomb reactor, and 
the preparation of the reactants were all carried out under nitrogen 
in a dry box. The yield of hydrogenated product from naphthalene and 
quinolines is given in Table I and I1 for some bypical runs. 

Hydrogenation of Illinois no. 6 premium coal was also carried 
out using catalyst [I]. In a typical experiment, 5 g. of coal was 
ad ed to the catalyst, prepared as described before, in hexane (35 
cm ) in a bomb reactor. The bomb reactor was heated at 90°C under 
hydrogen pressure of 800 psi and shaken for 24 hrs. The bomb reactor 
was cooled to room temperature and gas samples collected for 
analysis. Mass spectrometer-GC analysis of the gaseous products was 
carried out on a Hewlett Packard 5890 GC/MS system using a J&W DBS 
thick film column (5 p) (12 m x 0.32 mm I . D . )  . The bomb reactor was 
then depressurized and a sample of the crude product was filtered 
through cotton wool or Celite. NMR analysis of the filtrate was 
carried out in hexane or after removal of hexane. 

4 

RESULTS AND DISCUSSION 

A .  Model Compounds 

The NMR spectrum for the hydrogenation of I1 was in agreement 
with the spectrum previously recorded for IV. GC analysis of the 
crude products in Table I shows that naphthalene was hydrogenated 
selectively at room temperature and at 90°C with only negligible 
amount of decalin produced. It is important to note that if the 
hydrogen pressure is dropped to 300 psi from 700 psi, only a 5% yield 
of IV occurs, with the other 95% being the starting material. 
Reducing the temperature from 90°C to room temperature (22OC) does 
not significantly change the 95% yield of IV. Thus the value of the 
hydrogen pressure is critical to the hydrogenation of 11. Lowering 
the temperature and changing the length of the reaction has almost no 
effect on the hydrogenation yield. From Table 11, it is seen that 
I11 is hydrogenated selectively at room temperature to give 73% yield 
of V and 27% of I11 remained intact. However, when the temperature is 
raised to goo, MS/GC analysis revealed 66% yield of V along with 21% 
yield of 5,6,7,8-tetrahydronaphthalene with no sign of the starting 
material. 2-Methylquinoline was also hydrogenated to 2-methyl- 
1,2,3,4-tetrahydroquinoline at room temperature and 90°C with 4 5  and 
76% yield respectively. Isoquinoline on the other hand, can only be 
hydrogenated at 90' to 1,2,3,4-tetrahydroisoquinoline (70%) ; at room 
temperature no hydrogenation took place and the starting material was 
recovered completely. Hydrogenation of isoquinoline under water-gas 
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shift condition (6) produced N-formyl-l,2,3,4-tetrahydoisoquinoline 
whereas under our catalyic conditions, 1,2,3,4-tetrahydroisoquinoline 
can be prepared in good yield. 

Catalyst [I] failed to hydrogenate compounds such as 5- 
nitroquinoline, 8-nitro-2-methylquinoline, and 4-chloro-2-methyl- 
quinoline. In each case the starting material was recovered. It is 
thought that functional groups such as nitro and chlorine interact 
with the aluminum alkyl, a Lewis base, and deactivate the catalyst. 
It has been reported that nitrobenzene and p-nitrophenol could not be 
hydrogenated in the presence of a catalyst system made of Ni(2- 
ethylhexanoate)2-A1Et3 whereas benzene was successfully hydrogenated 
to cyclohexane at 15O-19O0C (2). 

B. Hydrogenation of Illinois no.6 premium coal 

The successful results obtained from hydrogenation of the model 
compounds suggested the possibility of hydrogenating coal under 
almost similar conditions. Comparison of the NMR spectrum of the 
coal hydrogenation product with that of a control experiment (heating 
the same sample of coal in hexane under similar conditions but in the 
absence of the catalyst), revealed that more signals appeared in the 
aliphatic region (3.5-1 ppm) when hydrogenation was carried out in 
the presence of the catalyst, indicating that some aromatic material 
was converted to saturated products. However, due to the small 
quantity of the coal sample, it has been difficult to identity the 
liquefied mixture. Mass spectrum-GC analysis of the gaseous products 
on the other hand, showed that methane, ethane, propane, cyclohexane, 
methylpentane and butane, and a few fragments assigned to unsaturated 
material had been produced. We regard this attempt at this stage, as 
a primary study and are planning further investigations under 
different conditions and more suitable media for coal liquefaction. 

SUMMARY 

Naphthalene (11), quinoline (111), isoquinoline and 2-methyl- 
quinoline can be hydrogenated selectively to form 1,2,3,4-tetrahyd,ro- 
naphthalene (IV) (94% yield) at room temperature, 1,2,3,4-tetrahydro- 
quinoline (V) (73% yield at 2ZoC), 1,2,3,4-tetrahydroisoquinoline 
(70% gield at 90°C), and 2-methyl-1,2,3,4-tetrahydroquinoline (76% 
at 90 C) by use of the Ziegler catalyst Co(stearate)2-A1Et3 in a 
hexane solvent at a hydrogen pressure of 700 psi. Hydrogenation of 
Illinois no. 6 coal using catalyst [I] has produced a liquefied 
product and identifiable gaseous components. 
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LIQUEFACTION REACTIVITY MEASUREMENTS ON 
ARGONNE PREMIUM COAL SAMPLES 

R.M. Baldwin. S-C. Shin, and R.L. Miller 

Chemical Engineering Department, Colorado School of Mines 
Golden, CO 80401 

ABSTRACT 
Liquefaction reactivities for a suite of 4 coals from the 

Argonne Premium Coal collection have been measured in tubing bomb 
batch reactors. The coals span a rank range from low volatile 
through medium and high vola$ile bituminous to subbituminous. The 
coals were liquefied in 4 different vehicles (solvents) namely 
naphthalene. phenanthrene. tetralin. and I-methylnaphthalene at 
698 K (425 C). 6.2 MPa (900 psi) initial hydrogen pressure, and 
at 5 and 40 minutes residence times. The rate and extent of 
conversion to THF- and toluene-solubles was measured, and gas 
make and hydrogen consumption quantified directly. The data show 
that, for purposes of reactivity comparisons, conversion to 
toluene-solubles provides the most appropriate data for relative 
reactivity ranking purposes. The Wyodak subbituminous coal was 
found to have the highest rate of reaction of the four coals 
investigated, while the Illinois #6 high volatile bituminous coal 
exhibited the greatest extent of reaction (conversion to THF- and 
to1 uene-so 1 ub I es ) . 
BACKGROUND 

Measurement and correlation of coal reactivity under coal 
liquefaction conditions has been investigated for many years. 
Most studies in this area have attempted to find a single 
parameter or group of parameters capable of correlating 
fundamental physical, chemical, and geochemical coal properties 
with the degree of conversion to solvent soluble products under 
some set of standard reaction conditions (1-6).  The relationship 
between coal organic and inorganic composition and hydrogenation 
reactivity has been extensively researched by several groups of 
investigators, most notably by Flscher et al.. Given et al., ana 
more recently by Baldwin et al. ( 7 - 2 1 ) .  

The purpose of this study was to examine the reactivity of 4 
different coals in four different liquefaction vehicles so that 
the effect of solvent type on coal reactivity could be 
elucidated. The goal of this portion of the study was to 
determine the effect of liquefaction vehicle on the absolute and 
relative reactivities of four coals representing a broad rank 
range. 

EXPER I MENTAL 

liquefied in four different vehicles. The coals employed for 
this study were: 

Four coals from the Argonne Premium Coal collection were 

Wyodak subbituminous 
Illinois #6 high volatile bituminous 
Upper Freeport medium volatile bituminous 
Pocahontas low volatile bituminous 
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Properties of these coals are available from Argonne National, 
Laboratory. The vehicles (solvents) employed consisted of both 
donor and non-donor species: 

tetra 1 in 
I-methylnaphthalene 
phenanthrene 
naphthalene 

Experimental runs were carried out in a tubing bomb 
microautoclave reactor system at 698 K (425 C), 6 . 2  MPa (900 psi) 
initial hydrogen pressure, and for reaction times of 5 and 40 
minutes. Data on the conversion of each coal in each solvent to 
gas. THF-, and toluene-solubles was collected. Details on the 
Procedures utilized have been described elsewhere (22). 

DISCUSSION OF RESULTS 
Effect of Vehicle on Liquefaction Reactivity 

The objective of this study was to determine the reactivity 
of t,hese four coals under Identical reaction conditions, but in 
different pure solvents. Conversion to both THF- and 
toluene-solubles was measured. Our previous work has indicated 
that THF-soluble data provides a poor measure for liquefaction 
reactivity while toluene solubility data gives excellent 
correlation between coal properties and coal reactivity (23). 

samples in each of the four solvents are shown graphically in 
Figures I through 4. Figures 1 and 2 present the results for 
conversion of the coals to toluene-solubles at 5 and 40 minutes 
reaction time, while the data for THF-solubles is presented in 
Figures 3 and 4. As indicated in Figures 1 and 2, the absolute 
magnitude of conversion to toluene-solubles le not a strong 
function of the choice of liquefaction vehicle as long as the 
type of vehicle (donor vs. non-donor) remains unchanged. Hence 
the absolute value of the conversions to toluene-solubles are 
remarkably similar in phenanthrene, naphthalene, and 
l-methylnaphthalene. Switching from a non-donor to a hydrogen 
donor solvent brings about an Increase of 20 to 307. in the ’ 

absolute value of the conversion to toluene-solubles at both 5 
and 40 minute reaction times. This observation simply reflects 
the difference in rate that exists due to the difference in 
hydrogenatfon mechanisms in the two solvent systems. In the one 
case (the donor solvent tetra1 in) hydrogen needed to stabilize 
free radicals or to dlrectiy attack and cleave strong bonds in 
the coal matrix can be supplied directly from a hydroaromatic. 
When a non-donor is used however, the mechanisms of hydrogen 
transfer are less direct, and involve hydrogen shuttl ing and/or 
formation of radical species by reaction of solvent molecules 
with molecular hydrogen which then can serve as radical cappers 
and active bond fission promoter as Illustrated by McMlllen et 
al. (24). 

While the absolute magnitudes of the conversions are 
functions of solvent, the relative reactivity rankings are not_ 
affected by the nature of the solvent if care is exercised in 
selecting an aPProPriate data Set for purposes of making 
reactivity comparisons. Different defininitions can be used for 
reactivity depending on the nature of the processing property of 
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interest. From a rate processes perspectlve, the coal with the 
highest reaction rate would be Judged to be the most reactlve, 
whfle from a statlc polnt of view the ultimate extent of 
conversion to elther THF- or toluene-solubles would be the 
appropriate measure of reactivity. In all cases regardless of 
vehicle type, the Wyodak subbitumlnous coal was the most reactive 
from a kinetic standpoint (based on the rate of conversion to 
toluene-solubles). In terms of ultimate conversion (extent of 
conversion to toluene-solubles), the Illlnois #6 high volatile 
bltumfnous coal was the most reactive, followed by the Wyodak 
subbltumlnous coal and the medlum and low volatile bituminous 
coals. These data show clearly that, over a broad range of coal 
types and reaction times, the nature of the llquefaction vehicle 
is not a maJor factor in determining the inherent r-eactlvity of 
the coal. Flgures 3 and 4 display the problems encountered when 
attempting to utillze data on converslon to THF-solubles as the 
measure of Iiquefactlon reactlvlty. As shown, the reactivity 
ranklngs are not the same as for the toluene-soluble data set. 
Further, the relative reactivities of the four coals in terms of 
both rate and extent of reactlon now a 2  a function of the type 
of llquefaction vehicle employed. The Indlcated solvent effects 
and reactivity reversals exhiblted by the THF-solubles data make 
it extremely difficult to draw any concrete conclusions regarding 
the effect o f  coal propertles on reactivity. 
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FIGURE 1 

Toluene Solubles, 5 Minute Reaction Time 
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FIGURE 2 

Toluene Solubles. 40 Minute Reaction Time 
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FIGURE 3 

THF Solubles, 5 Minute Reaction Time 
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FIGURE 4 

THF Solubles, 40 Minute Reaction Time 
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ILL INOIS  BASIN COAL SAMPLE PROGRAn AND 
ACCESS TO INFORMATION ON ILL INOIS  BASIN COALS 

Carl W .  Kruse, Richard 0. Harvey and David M. Rapp 

Illinois State Geological Survey, 
615 E.  Peabody Drive 
Champaign, I1 61820. 

ABSTRACT 

The Illinois Basin Coal Sample Program (IBCSP), was established in 1983 at the 
I11 inois State Geological Survey (ISGS) to facilitate comparisons of results among 
laboratories conducting basic and applied research on Illinois Basin coal. The 
sizes of samples available to the individual user and the focus on Illinois Basin 
coals are distinguishing characteris cs of this program. The unit sizes provided 

400 pounds). The Illinois Coal Development Board (ICDB) and the State of Indiana 
fund the IBCSP through the Center for Research on Sulfur in Coal (CRSC). The 
program makes samples available not only to CRSC contractors, but other research 
groups as well. Additionally, the CRSC supports a computerized information system 
through which on-line access to data bases on compositions of the IBCSP samples at 
the ISGS and on research being conducted on these samples is available. 

Six Illinois Basin coals, designated IBCSP-1 through IBCSP-6, are available. Three 
mine-washed Illinois coals became available in 1983: IBCSP-1, a Herrin (Illinois 
No. 6); IBCSP-2, a Colchester (Illinois No. 2); and IBCSP-3, a mixture of a 
Springfield (Illinois No. 5) and a Herrin (No. 6). A fourth coal, IBCSP-4, a tipple 
(run-of-mine) Herrin (No. 6) coal, was added to the program in 1984. The fifth 
sample (IBCSP-5), a 3-ton channel sample of a Herrin (No. 6), was collected in 1985 
and processed into 1-pint cans, 1-gallon cans and 5-gallon cans by Argonne National 
Laboratory (ANL). This sample is of higher quality than the other five; it was 
maintained under argon from the mine to the processing facility and all processing 
was carried out in ANl's inert atmosphere facility designed for the Premium Coal 
Sample Program (PCSP). IBCSP-5 matches the Illinois coal in the PCSP (PCSP-3). 
Because the replacement cost for this sample will be very high, charges are made 
depending on the quantity requested. The sixth sample, provided by the State of 
Indiana in December 1986, is a mine-washed sample of Springfield (No. 5) Coal from 
Southwestern Indiana. Multi-ton quantities of the five samples (3/8" x 0) are being 
maintained in 55-gallon barrels under a low pressure of nitrogen gas at the Applied 
Research Laboratory of the ISGS in Champaign, Illinois. 

Characteristic properties - -  maceral composition, reflectance of vitrinite, size and 
maceral association of pyrite grains, mineral matter composition, and minor and 
trace element compositions - -  were determined on the samples. The informational 
data base comprising these and other data was established on a mainframe computer at 
the University of Illinois. The name, address, sample numbers, project title, and 
project objectives for each project using one or more of the IBCSP samples are 
included in this data base. To date more than 156 uniform splits of the first four 
samples in the program have been provided to 67 researchers, 34 located in Illinois. 
The remainder are in other states and Canada. Telephone requests for information on 
the IBCSP are received at 217-333-5161. 

to most request s have been 1/256- 'ti, of a 55-gallon barrel of coal (nominally 
1.5-pound), 1/16- er; of a barrel (nominally 20-pounds) or one barrel (approximately 
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INTRODUCTION 

Coal sample programs, frequently called sample banks, facilitate coal research not 
only by providing a source of samples but also by simplifying comparisons of results 
among laboratories that use representative fractions of the same coal. A number of 
sample programs are in operation in the United States - -  the most widely known is 
the Penn State Coal Bank - -  but few provide multi-pound quantities to their users. 
Additionally, few programs concentrate their efforts on coals from one basin. 

In Illinois, the Gas Research Institute, Argonne National Laboratory, Southern 
Illinois University and the Illinois State Geological Survey are leaders in the 
development of coal sample programs. The Gas Research Institute (GRI) and the U. S. 
Department of Energy (U.S.DOE) sponsored a Coal Sample Bank Workshop in March of 
1981 to resolve some o f  the technical problems of establishing a premium coal sample 
program [l]. The goal was the collection and storage of coal under conditions 
calculated to preserve as many of the physical and chemical properties as possible. 
With GRI funding, R. R. Dutcher at Southern Illinois University (SIU) began a study 
in 1981 on techniques for field acquisition, transporting, processing and storage of 
premium coal samples. The results are available in the final report [2]. The ANL 
initiated the Premium Coal Sample Program (PCSP) in late 1982 to meet nation-wide, 
small -scale, basic-research needs of the research community. A rigid-wall facility 
was constructed for processing barrel quantities of coal in a nitrogen environment 
with remote-control equipment [3]. Exceptional care was taken in collection, 
transport, processing, and storage of the channel samples stored in this program. 
The relative humidity of the nitrogen atmosphere was controlled to avoid changes in 
the moisture level. The samples are now available in 5 and 10 gram quantities, 
hermetically sealed in glass ampules [4 ] .  

The Illinois Coal Development Board (ICDB) funds a variety of coal research projects 
in the State of Illinois. To provide continuity in succeeding years, the ICDB at 
its first meeting in 1982 expressed interest in funding a project to collect and 
store reasonably large samples of coal. The board desired to assure the availabil- 
ity of a few o f  the same coals used by the first year's ICDB contractors for 
research in subsequent years. The Minerals Engineering Section of the ISGS agreed 
to collect additional coal and store it at room temperature in a nitrogen atmos- 
phere. The maintenance of samples together with the distribution of samples has 
become the Illinois Basin Coal Sample Program (IBCSP). The State of Indiana joined 
the effort in December 1986 by supplying a sample and becoming a partner in sharing 
the maintenance and distribution costs. 

Five of the six coals in this program have undergone some oxidation before leaving 
the mine site, during transport to Champaign by truck, and during the time required 
to crush, riffle and package the samples. For the five coals in question, homogene- 
ity from barrel to barrel was assured by a series of rifflings. For the three-ton 
lots, the coal was passed through two riffles in succession to produce four sets of 
four barrels each, each set being equivalent in composition to the other sets. The 
composition of barrels within a set was not equivalent. In the next stage of 
riffling, each set was riffled through two riffles in succession to homogenize the 
four barrels within the set. Added exposure to air was the offsetting cost for this 
assurance of sample uniformity. For many types of tests, applied bench-scale 
process testing in particular, the degree of oxidation which occurred is acceptable 
because all coals entering a commercial process have undergone some degree of 
oxidation during mining and cleaning. The units delivered to users have been 
approximately 0.7 kilogram and 11 kilograms (1.5 and 20 pounds). They are produced 
bY riffling a barrel of coal to produce representative fractions. The particle size 
distribution of the smallest units (1/256th of a barrel) is minus 8 mesh by zero and 
that of remaining units (1/16th of a barrel or larger) are minus 3/8" by zero. 
L W P r  quantities have been supplied to a few projects. 
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THE SIX COALS AVAILABLE 

The s ix  coals  now ava i lab le  a r e  described i n  Table 1. The r e s u l t s  of most of t h e  
standard ASTM t e s t s  a re  shown i n  Table 2. The minor and t r a c e  elements were a l s o  
determined (Table 3). 

Chemical analyses 

Barrel t o  barrel var ia t ions  in  t h e  i n i t i a l  composition a re  small based on the  
analyses of f rac t ions  taken during a p i l o t  t e s t i n g  of the  homogenization procedure 
and by the  analyses shown in Table 4 (column 1) from r i f f l e d  f r a c t i o n s  of four  
bar re l s  of IBCSP-4 a t  the time of the i n i t i a l  packaging. Variat ions a r e  not more 
than expected f o r  the ana lys i s  of a given sample by d i f f e r e n t  ana lys t s  o r  by 
d i f fe ren t  labora tor ies .  Periodic proximate and ul t imate  analyses show excel lent  
uniformity. Analyses over a two year period f o r  IBCSP-4 in  Table 4 a r e  typ ica l .  
All samples except IBCSP-5, which was spec ia l ly  prepared and prepackaged under 
nitrogen, can be expected t o  contain the t r a c e  amounts of elemental su l fur  shown t o  
accompany oxidation [5]. 

Minor and t r a c e  element analyses 

Comparison of the r e s u l t s  of minor and t r a c e  element analyses with the average of 
concentrations found in  channel samples col lected by t h e  ISGS from the Herrin and 
Springfield seams i n  I l l i n o i s  f o r  many years  [6 ] ,  (see Table 3) indicates  IBCSP-4 i s  
notably r i c h  i n  Si02, MgO, Na20, F,  and Rb. The reason f o r  these  high values i s  the  
r e l a t i v e l y  high abundance o f  mineral matter in t h i s  run-of-mine sample. I t  should 
a l s o  be noted t h a t  IBCSP-2 contains  a r e l a t i v e l y  high amount of As, Ge, and Pb 
compared t o  the average. Germanium is probably associated w i t h  the organic  mat ter  
i n  the  sample, while As and Pb a r e  probably i n  pyr i te .  

Petrographic Analyses 

On a mineral mat ter  f r e e  basis ,  a l l  s ix  samples a r e  r ich  in  v i t r i n i t e  (85 t o  90 vol 
%). On this bas is ,  IBCSP-5 contains  the most i n e r t i n i t e  group macerals (10 vol %). 
The ref lectance of v i t r i n i t e  (maceral t e l o c o l l i n i t e )  is  highest  f o r  IBCSP-3 (0.74 %, 
mean-maximum) and the  o ther  samples range between 0.46 t o  0.67 percent. Complete 
analyses were reported by Harvey, e t  a l .  [7 ] .  

Mineral mat ter  analyses 

The to ta l  amount o f  mineral mat ter  i s  most abundant in IBCSP-4 because t h i s  sample 
i s  a run-of-mine product and i t  contains some sha le  from the mine roof. A t race  of 
marcasite, an orthorhombic form of FeS , was detected in a l l  samples except IBCSP-4. 
Two d i f fe ren t  carbonates, c a l c i t e  (Cad$ and dolomite (CaMg(C03) ), occur i n  IBCSP- 
5. The d i f fe rences  i n  t h e  mineral phases i n  the samples may a f f e c t  the outcome of 
desulfur izat ion or  cleaning processes applied t o  these  coals .  Complete analyses a r e  
given i n  Harvey, e t  a l .  [7]. 

Pyri te  size and maceral assoc ia t ion  

The mean diameters f o r  p y r i t e  gra ins  i n  t h e  s i x  IBCSP samples range from 4 pm 
(IBCSP-3) t o  9 pm (IBCSP-4). The d i s t r ibu t ion  of p a r t i c l e  s i z e s  i n  each sample i s  
much wider than one might project  from these mean values and s igni f icant  d i f fe rences  
e x i s t  i n  t h e  way pyr i te  is  d is t r ibu ted  among the p a r t i c l e s .  These d i f fe rences  
determine t h e  effect iveness  of physical methods f o r  removing pyr i te .  Approximately 
25 percent of the  pyr i te  i n  IBCSP-5 occurs w i t h i n  macerals-rich p a r t i c l e s  versus 80 
percent i n  IBCSP-3 [4]. 
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Table 1. Samples a v a i l a b l e  (ash and s u l f u r  on a mois ture- f ree bas is)  

Sample 
no. Product Seam 

Ash1 Sul fur1 
Location Rank % % 

1 Prep p l a n t  I l l i n o i s  No. 6 W. Central I L  HVCB 10.3 4.3 
2 Prep p l a n t  I l l i n o i s  No. 2 Western I L  HVCB 6.7 3.2 

Prep plant 80% I l l i n o i s  No. 5 
20% Illinois No. Southern I L  HVBB 8.4 2.3 

4 Run-of-mine I l l i n o i s  No. 6 Southwestern I L  HVCB 38.1 4.2 
5 Channel I l l i n o i s  No. 6 Southwestern I L  HVCB 18.0 4.6 
6 Prep p l a n t  Ind iana V2 Southwestern I N  HVCB3 9.0 3.8 

Analyses i n  February 1987 
The S p r i n g f i e l d  ( I l l i n o i s  No. 5) Coal i s  cal.led Ind iana V i n  Ind iana 
Border l ine between HVBB AND HVCB 

Table 2. Average1 analyses2 o f  t he  s i x  coals  i n  the  IBCSP 
(values repor ted on a mois ture- f ree bas is  exceDt f o r  moisture) 

/Sample number 1 2 3 4 5 6 

Mo i s t ure 14.14 13.62 5.36 10.21 9.47 10.42 
V o l a t i l e  mat ter  44.12 43.34 39.20 30.56 40.38 39.56 
Fixed carbon 45.62 49.92 52.48 31.36 41.61 51.44 
H-T ash 10.28 6 . 6 6  8.36 38.10 18.00 9.00 

Carbon 67.66 73.31 73.82 45.97 63.26 71.64 
Hydrogen 4.86 5.21 4.94 3.46 4.40 4.73 
Ni t rogen 1.18 1.47 1.68 0.80 1.23 1.78 
Oxygen (by d i f f e rence )  11.63 10.09 8.75 7.43 8.39 9.05 

S u l f a t i c  s u l f u r  0.06 0.10 0.09 0.10 0.00 0.0 
P y r i t i c  s u l f u r  1.20 2.34 1.03 2.33 2.55 1.83 
Organic s u l f u r  3.00 0.92 1.16 1.76 2.08 1.94 
Py r i t i c /o rgan ic  S r a t i o  0.40 2.53 0.89 1.32 1.23 0.92 
Tota l  s u l f u r  4.26 3.23 2.27 4.19 4.63 3.77 

Chlor ine 0.13 0.03 0.18 0.05 0.09 0.03 
C a l o r i f i c  value ( B t  / l b )  12606 13526 13437 8492 11522 13248 
Free swel l  i n g  index y 4.5 4.3 5.2 2.1 3.8 4.7 

Average of a l l  analyses through December 1986 f o r  IBCSP-1 through IBCSP-5. 
Average of 10 analyses i n  February 1987 f o r  IBCSP-6 

2 AII values are percent except f o r  py r i t i c /o rgan ic  s u l f u r  r a t i o ,  c a l o r i f i c  
values and FSIs 
FSIs are normal ly  repor ted t o  the nearest 0.5 u n i t  
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Table 3. Minor and trace elements 

IBCSP sample number 
Average 

Oxidelelement 1 2 3 4 5 IL coal" 

Minors ( X )  
Si02 
*'2'3 
Fe203 

CaO 
Nap0 

p2°5 
Ti02 

MgO 

K20 

Traces (ppm) 

As 
Ba 
Be 
B 
Br 
Cd 
Ce 
co 
Cr 
cs 
cu 
DY 
Eu 
F 
Ga 
Ge 
Hf 
La 
Li 
Lu 
Mn 
Mo 
Ni 
Pb 
Rb 
Sb 
sc 
Se 
Sm 
Sn 

Ta 
Tb 
Th 

Ag 

SK 

T1 
U 
v 
W 
Yb 
Zll 
Zr 

4.6 
1.6 
1.7 
0.09 
0.5 
0.139 
0.21 
0.02 
0.08 

<1 
2 
32 
1.4 

193 
6 
1.1 
6 
3 

31 
1.1 
9.7 
0.6 
0.2 
63 
3 
(5 
0.4 
4 
11.3 
0.1 
31 
15 
11 
8 
9 
0.2 
2.1 
1.5 
0.9 

<1 
25 
0.1 
0.1 
1.2 

<2 
<2 
25 
(0.5 
0.4 

172 
16 

1.8 
0.9 
2.8 
0.038 
0.2 
0.0182 
0.11 
0.01 
0.03 

(1 
32 
14 
3.3 

109 
3 
0.8 
2 
6 
7 
0.8 
21.9 
1.5 
0.2 
26 
3 
30 
0.2 
2 
18.1 
0.1 
16 
4 
22 
149 
5 
3.4 
2.1 
1.3 
0.9 

(1 
12 
0.1 
0.2 
0.7 
c2 
C1.5 
22 
<0.5 
0.6 
99.8 
13 

4.1 
1.8 
1.5 
0.073 
0.1 
0.0297 
0.2 
0.03 
0.09 

<1 
16 
28 

71 
12 
0.1 
10 
5 
16 
1.2 
8.0 
0.9 
0.2 
56 
3 
<5 
0.5 
7 
29.9 
0.1 
13 
13 
14 
57 
11 

1.2 

1.1 
2.6 
2.2 
1.4 

<1 
33 
0.1 
0.2 
1.3 

<2 
<4 
26 
<0.7 
0.5 
45.1 
23 

22.1 
6.5 
3.8 
0.529 
1.4 
0.337 
0.99 
0.09 
0.31 

<1 
5 

135 
2.7 

317 
3 
<0.4 
21 
9 
44 
4 
14.4 
1.7 
0.5 

460 
10 
<5 
1.7 
16 
38.9 
0.3 

112 
6 
23 
28 
63 
0.3 
6.4 
2.2 
2.9 
1.7 

0.4 
0.2 
3.9 

58 

<2 
<3 
50 
0.9 

8.2 
2.9 
3.4 
0.185 
1.2 
0.168 
0.33 
0.02 
0.15 

<0.2 
2.6 
73 
1.0 

179 
6.5 

19 

19 
3.8 

1.9 
9.5 

0.2 

3.4 
5 
1 .o 
5.9 
8.2 
0.08 
71 
9 
15 
6 
20 
0.3 
2.4 
2.4 
1.2 

<5 
29 
0.25 
0.13 
3.2 
1.0 
1.2 

1.5 
23 

1.0 . 0.5 
175 77 
51 28 

5.5 
2.5 
2.7 
0.046 
1.0 
0.0987 
0.22 
0.02 
0.11 

0.06 
11 
140 

118 
12 
1.5 
14.7 
5 
18 
1.0 
12.5 
1.1 
0.3 
68 
3.9 
5 
0.6 
7 
16.3 
0.1 
55 
9 
18 
28 
16 

1.5 

1.0 
2.7 
2.4 
1.4 

34 
0.2 
0.2 
2.2 
1.0 
1.5 

0.6 
0.6 

31 

248 
35 

* Calculated from data on channel samples from the Herrin (No.6) and 
Springfield (No. 5) Coals (Harvey, et al.. 1983). 
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Table 4. Analyses of  I B C S P - 4 l  
(values  reported on a moisture-free basis  except f o r  moisture) 

- 

Analysis2 

Name, address, date ,  
sample number, project  , -  
t i t l e  and r e s u l t s  

C22538-41 C23924 C24450-51 C24893 
Ju ly  84 Sept 85 March 86 Ju ly  86 
Av. (Std. D ~ v . ) ~  

> ENTRY 
OPTIONS - 

Standard chemical data  

Moisture 10.2 (0.05) 
Vola t i le  mat ter  30.3 (0.17) 
Fixed carbon 31.6 (0.27) 
Ash 38.1 (0.29) 

PRINT o r  DOWN 

of r e s u l t s  
-> LOAD tables  

Carbon 
Hydrogen 
Nitrogen 
Oxygen 

S u l f a t i c  s u l f u r  
Pyr i t ic  s u l f u r  
Organic s u l f u r  
Total s u l f u r  

- 

46.92 (0.42) 
3.28 (0.054) 
0.68 (0.045) 
6.95 (0.40) 

0.10 (0) 
2.17 (0.059) 
1.80 (0.036) 
4.07 (0.071) 

Elemental chemical da ta  - 
Petrographic d a t a  
Mineral matter data  

Chlorine 0.04 (0.007) 

Calor i f ic  Value (Btu/lb) 8527 (26) 

Free Swelling Index 2.5 

10.2 
30.4 
31.3 
38.3 

46.09 
3.44 
1.09 
6.82 

0.26 
2.36 
1.61 
4.23 

0.03 

8407 

2.5 

10.2 
31.2 
30.8 . 
38.0 

48.04 
3.27 
0.80 
5.24 

0.01 
2.77 
1.78 
4.55 

0.10 

8462 

1.5 

10.3 
31.1 
31.0 
38.0 

48.00 
3.37 
0.98 
5.30 

0.0 
2.51 
1.76 
4.27 

0.08 

8469 

1.0 

Herrin (No. 6) coal (run-of-mine) from a southwestern I l l i n o i s  underground 
mine co l lec ted  December 15, 1983 
All values a re  percent  except the c a l o r i f i c  values and the F S I s  
Analyses on r i f f l e d  f r a c t i o n s  from four  of the  e ight  bar re l s  

INFORMTION SYSTM 

A computerized information system (data  base) is  ava i lab le  on a mainframe computer 
(Control Data, Cyber-175) a t  the  University of I l l i n o i s  i n  Urbana. T h i s  system 
operates i n  p a r a l l e l  with a la rger  exis t ing data  base on the same computer covering 
the Chemistry of I l l i n o i s  coals  [E]. 80th systems can be accessed by an inves- 
t i g a t o r  a t  a remote f a c i l i t y  through a modem during a s ing le  computer session.  

Two types of  data  f i l e s  were i n s t a l l e d  f o r  t h e  IBCSP. The f i r s t  contains  the name, 
address, project  t i t l e ,  and r e s u l t s  or  ob jec t ives  of the researchers  using the 
samples; the second contains  the chemical and other  c h a r a c t e r i s t i c  proper t ies  of the 
sampl es  : 
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Names o f  researchers us ing these samples and the  a n a l y t i c a l  data can be re t r i eved .  
Users o f  the data base may read about the  past and cu r ren t  research on t h e  samples 
d i r e c t l y  a t  t h e i r  monitor. Users may a l so  se lec t  and ob ta in  hard copy f o r  any type 
of ana ly t i ca l  data o r  o the r  types o f  data on a s ing le  sample o r  a l l  s i x  o f  them. 
Menu options f a c i l i t a t e  downloading r e t r i e v e d  f i l e s  t o  t h e  user 's  own microcomputer. 
Those who have on ly  a terminal  and modem can p r i n t  r e t r i e v e d  data a t  t he  I S G S  f o r  
ma i l i ng  t o  the user. Access t o  the  data base can be obtained by contact ing R. 
Harvey (217-244-0836). A small fee i s  requ i red  t o  cover the  d i r e c t  computer 
charges. Persons wi thout  terminals  can obta in  in format ion by contact ing e i t h e r  the 
Coal Section o r  the Minera ls  Engineering Section o f  t he  I l l i n o i s  State Geological 
Survey (217/333-4747) o r  the Center f o r  Research on S u l f u r  i n  Coal (217/333-9241), 
both located i n  Champaign, I l l i n o i s .  
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NO, EMISSION CONTROL BY PARTICLE QUENCHING 
I N  AN ADVANCED GLASS MAKING PROCESS 
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F. Hals. and 0. S t i c k l e r  
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ABSTRACT 

The fo rma t ion  o f  NO, i n  an advanced g l a s s  m e l t i n g  (AGM) process has 
been stud ied.  
s t o i c h i o m e t r i c  c o n d i t i o n s  r e s u l t i n g  i n  a p o t e n t i a l  f o r  p r o d u c t i o n  o f  a h i g h  
NO, concen t ra t i on  i n  t h e  exhaust. 
a re  en t ra ined  as a h i g h  l o a d i n g  c o n c e n t r a t i o n  o f  f i n e  p a r t i c l e s  i n  t h e  
preheated a i r  supply .  
combustion p roduc ts .  
chosen t o  be comparable t o  o r  l e s s  t h a n  NO, f o r m a t i o n  k i n e t i c  t ime .  
was p r o j e c t e d  t o  p reven t  f o rma t ion  o f  NO, a t  a c o n c e n t r a t i o n  corresponding 
t o  t h e  a d i a b a t i c  gas phase combustion temperature. 
concen t ra t i on  i n  t h e  g lass  m e l t e r  exhaust i s  found t o  be s i g n i f i c a n t l y  below 
a n t i c i p a t e d  NSPS requi rements.  A model i s  proposed f o r  t h e  processes i n  t h e  
AGH based on a k i n e t i c s / t r a n s p o r t  code. 
format ion i s  a t t r i b u t e d  t o  g a s / p a r t i c l e  thermal  quenching e f f e c t s  and, 
p o s s i b l y  heterogeneous c a t a l y t i c  reduc t i on .  

I n  t h i s  system, methane i s  combusted wi th  preheated a i r  a t  near  

The m i n e r a l s  r e q u i r e d  f o r  g lass  syn thes i s  

The thermal  t i m e  s c a l e  f o r  g a s - p a r t i c l e  heat  t r a n s f e r  i s  
The p a r t i c l e s  a re  heated up i n  suspension b y  t h e  

T h i s  

The measured NO, 

The decreased amount o f  NO, 

INTRODUCTION 

The development o f  an advanced g a s - f i r e d  g lass  m e l t i n g  process (AGM) i s  
be ing  i n v e s t i g a t e d  a s  an a l t e r n a t i v e  t o  t h e  conven t iona l  g l a s s  m e l t i n g  fu rnace  
which i s  o f  t h e  open-hearth t ype .  
d e r i v a t i v e  of a s l a g g i n g  coa l  combustor developed f o r  magnetohydrodynamic 
power g e n e r a t i o n  a p p l i c a t i o n s  [ l -31.  A p r imary  goa l  i s  t o  t r a n s f e r  heat  v e r y  
e f f i c i e n t l y  a t  h i g h  temperatures t o  e n t r a i n e d  g lass  batch p a r t i c l e s .  
p a r t i c u l a t e  l o a d i n g  r e q u i r e d  f o r  t h i s  a p p l i c a t i o n  presents  a un ique mechanism 
f o r  l i m i t i n g  t h e  fo rma t ion  o f  NO,. 

The advanced g l a s s  m e l t e r  i s  a t e c h n i c a l  

The h i g h  
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High temperature r e a c t i o n  o f  a i r  f eed  n i t r o g e n  and oxygen t o  p r i m a r i l y  
form n i t r i c  ox ide,  NO, i s  a source o f  p o t e n t i a l l y  h i g h  NOx c o n c e n t r a t i o n s  i n  
t h e  m e l t  furnace exhaust. 
en t ra ined  p a r t i c u l a t e  m a t e r i a l  as a d i spe rsed  hea t  s i n k  w i t h  a v e r y  s h o r t  
thermal  t r a n s i e n t  t ime.  Thus, t h e  combustion products  a r e  r a p i d l y  quenched 
f rom t h e  a d i a b a t i c  temperature a t  which h i g h  NO, concen t ra t i ons  would 
no rma l l y  r e s u l t  t o  a much lower  temperature.  
considered, t h e  thermal  quenching i s  accomplished on a t ime  s c a l e  much s h o r t e r  
t han  t h e  NOx chemical k i n e t i c  f o r m a t i o n  t ime .  

NOx c o n t r o l  i s  achieved i n  t h e  AGM by u s i n g  t h e  

Fo r  t h e  s i z e  p a r t i c l e s  

AGM CONCEPT AND EXPERIMENTAL SYSTEM 

I n  t h e  g lass  m e l t e r  des ign concept, premixed batch m a t e r i a l s  a r e  
i n j e c t e d  as f i n e  p a r t i c l e s  i n t o  a h i g h  temperature combustion a i r  l i n e  and 
t ranspor ted  i n  suspension t o  a h i g h  i n t e n s i t y  gas burner .  The m a t e r i a l s  a r e  
heated ve ry  r a p i d l y  i n  suspension i n  t h e  t u r b u l e n t  f l o w  f i e l d  i n  t h e  bu rne r .  
A converg ing nozz le  a t  t h e  e x i t  o f  t h e  bu rne r  acce le ra tes  t h e  f l o w  and d i r e c t s  
it i n t o  a m e l t  separa t i on  and homogenizing chamber. The h o t  m a t e r i a l s  a r e  
separated i n e r t i a l l y  f rom t h e  combustion gas and depos i ted  on a c o l l e c t i n g  
su r face  where i n i t i a l  homogenization occurs.  The t h i n  l i q u i d  l a y e r  f l o w s  f r o m  
t h e  c o l l e c t i n g  su r face  t o  a m e l t  r e s e r v o i r  a t  t h e  bot tom o f  t h e  chamber where 
a d d i t i o n a l  homogenization can occur .  The combustion p roduc ts  e x i t  t h e  m e l t  
separa t i on  chamber and a r e  ducted t o  downstream heat  recove ry  equipment f o r  
hea t ing  t h e  incoming combustion a i r .  

c o n f i g u r a t i o n  and t h e  separa t i on  centerbody i s  schemat i ca l l y  shown i n  F i g u r e  1 
The u n i t  c o n s i s t s  o f  a pre-burner. a main combustor, and a g lass  r e c e i v e r .  
The purpose o f  t h e  g a s - f i r e d  pre-burner  i s  t o  s imu la te  t h e  h i g h  temperature 
preheat  s ince  t h e r e  was no source o f  h i g h  temperature preheated a i r  w i t h  which 
t h e  system would no rma l l y  operate.  
i n t roduced  downstream o f  t h e  pre-burner  through t h r e e  i n j e c t o r s  t o  promote 
thorough m ix ing  w i t h  t h e  gas. I n i t i a l  t e s t s  used c u l l e t  as t h e  feed m a t e r i a l .  

Gaseous oxygen i s  added t o  t h e  combustion p roduc ts  o f  t h e  pre-burner  f o r  
combustion o f  t h e  f u e l  added i n  t h e  main o r  g lass  m e l t i n g  bu rne r .  N a t u r a l  gas 
i s  i n t roduced  through e i g h t  r a d i a l  i n j e c t o r s  j u s t  upstream o f  t h e  main 
burner .  A sudden enlargement a t  t h e  bu rne r  ent rance c rea tes  a s t r o n g  v o r t e x  
f l o w  reg ion  t o  promote m i x i n g  o f  t h e  f u e l  and o x i d i z e r .  Combustion takes 
p l a c e  w i t h  t h e  p a r t i c l e s  s t i l l  e n t r a i n e d  i n  t h e  gas. Rapid quenching of t h e  
combusted gas by these p a r t i c l e s  a c t s  t o  keep t h e  peak temperature down, t h u s  
reducing t h e  NOx f o rma t ion .  A convergent nozz le  a t  t h e  e x i t  o f  t h e  bu rne r  
acce le ra tes  t h e  f l o w  t o  t h e  v e l o c i t y  r e q u i r e d  t o  accomplish t h e  i n e r t i a l  
separa t i on  o f  t h e  p a r t i c u l a t e  m a t e r i a l  f rom t h e  combustion products ,  l e a d i n g  
t o  homogenization and g l a s s  format ion.  

The exper imenta l  system used f o r  development t e s t i n g  o f  t h e  b u r n e r  

The f i n e  g lass  feed p a r t i c l e s  a r e  
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NOX TEST RESULTS 

The NO, c o n c e n t r a t i o n  i n  t h e  bu rne r  exhaust gas i s  s t r o n g l y  i n f l uenced  
b y  the  temperature- t ime h i s t o r y  and t h e  oxygen c o n c e n t r a t i o n  o f  t h e  gas. 
l a t t e r  i s  determined by t h e  gas s t o i c h i o m e t r y  o r  t h e  a i r - f u e l  equiva lence 
r a t i o  used. 
as we l l  as a min imal  res idence t i m e  a t  t h e  peak temperature, y e t  p rov ide  f o r  
r a p i d  h e a t  t r a n s f e r  t o  t h e  e n t r a i n e d  ba tch  m a t e r i a l .  
NOx concen t ra t i ons  s i g n i f i c a n t l y  below t h e  e q u i l i b r i u m  f lame a d i a b a t i c  
s t o i c h i o m e t r i c  l e v e l  a r e  p red ic ted .  

The 

The process c o n s t r a i n t  is t o  m a i n t a i n  a l o w  oxygen concen t ra t i on  

For these cond i t i ons ,  

F i g u r e  2 shows t h e  e q u i l i b r i u m  concen t ra t i ons  o f  NO which would be 
expected i n  t h e  absence o f  p a r t i c l e  quenching e f f e c t s .  
f u e l  r i c h  combustion. t h e  NO e q u i l i b r i u m  concen t ra t i on  f o r  va r ious  c a l c u l a t e d  
a d i a b a t i c  f lame temperatures reached by combustion w i t h  preheated a i r  a r e  
i n d i c a t e d .  I f  an emiss ion l i m i t  of 4 l b s  NOx/ton g l a s s  produced i s  assumed, 
t h e n  the  maximum a l l owed  NO concen t ra t i on  i n  t h e  exhaust  gas i s  970 ppm f o r  
s t o i c h i o m e t r i c  c o n d i t i o n s .  

Fo r  s t o i c h i o m e t r i c  and 

Tests  were conducted over  a wide range o f  gas mass f l ows  and feed 
loadings t o  de te rm ine  system performance. Whi le  t e s t s  w i t h o u t  batch m a t e r i a l  
demonstrated t h a t  f u e l - r i c h  combustion o f f e r s  the lowes t  NO, emiss ion due t o  
l ower  peak f lame temperatures,  i t  leads t o  a l ower  thermal  e f f i c i e n c y  because 
a p o r t i o n  o f  t h e  combustion energy o f  t h e  f u e l  i s  n o t  re leased  and made 
a v a i l a b l e  f o r  m e l t i n g  o f  t h e  g lass  i n  t h e  furnace.  
furnace i s  t y p i c a l l y  operated w i t h  excess oxygen, 0 - 1.4. 
the m e l t  chamber i s  app rox ima te l y  25OOF. Fo r  these  c o n d i t i o n s ,  NO, 
format ion i s  app rox ima te l y  1200 ppm p r i o r  t o  p a r t i c l e  i n j e c t i o n .  
res idence t i m e  a t  peak temperature i s  sho r t ,  seve ra l  m i l l i s e c o n d s ,  t h e  NO, 
c o n c e n t r a t i o n  i s  l e s s  than  t h e  e q u i l i b r i u m  l e v e l  shown i n  F i g u r e  2. 

ash. 13% ca lc ium carbonate.  and 15% c u l l e t  demonstrated t h e  AGM's a b i l i t y  
t o  capture,  homogenize and f i n e  t h e  mol ten ba tch  m a t e r i a l  on t h e  centerbody, 
producing a f u l l y  reac ted  g lass  product .  As pred ic ted .  t h e  NO, p roduc t i on  
of  t h e  m e l t e r  i s  c o n s i d e r a b l y  reduced by t h e  quenching o f  t h e  combustion gas 
b y  the  ba tch  p a r t i c l e s .  
NO, l e v e l  t o  app rox ima te l y  250 ppm, corresponding t o  an  NO, l o a d i n g  o f  
1 l b / t o n  g lass  w i t h o u t  f l u e  gas t reatment .  

As a r e s u l t ,  t h e  main 
The temperature of 

S ince t h e  

Tes ts  w i t h  a f o u r  component batch compr i s ing  52% s i l i c a .  20% soda 

Batch i n j e c t i o n  i s  found t o  reduce t h e  exhaust gas 
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KINETICS/TRANSPORT MODEL 

The chemical k i n e t i c  r e a c t i o n  mechanism used t o  model AGM combustion 
c o n s i s t s  o f  31 chemical spec ies and 146 e lementary chemical r e a c t i o n s .  The 
p r i n c i p a l  reac t i ons  f o r  f o rma t ion  and decomposi t ion o f  thermal  NO a re :  

02 + M + O + O + M  

N2 + 0 + N O +  N 

N + 02 + N O +  0 

N + OH + N O +  H 

The f i r s t  t h r e e  reac t i ons ,  where M i s  a t h i r d  body ( u s u a l l y  N2). rep resen t  
t h e  impor tant  and w e l l  known Ze ldov i ch  mechanism o f  a tomic exchange 
reac t i ons .  
o r  t h e  r e s u l t s  o f  thermodynamic c a l c u l a t i o n s  i f  exper imenta l  da ta  a r e  n o t  
a v a i l a b l e .  
Reference 4. 

The code u t i l i z e s  e x p e r i m e n t a l l y  measured r e a c t i o n  r a t e  parameters 

The numer ica l  t echn ique  used i n  these  c a l c u l a t i o n s  i s  desc r ibed  by 

A thermodynamic e q u i l i b r i u m  code i s  i n i t i a l l y  used t o  determine t h e  
composi t ion o f  v i t i a t e d  a i r  f rom t h e  combustion o f  air/CHq a t  T - 2500K i n  
t h e  pre-burner. 
concen t ra t l on  o f  i n i t i a l  mo lecu la r  c o n s t i t u e n t s  i n  t h e  main combustor. G iven  
these values and t h e  c o n c e n t r a t i o n  o f  added 02 and CH4 necessary t o  o b t a i n  
t h e  des i red  a i r / f u e l  r a t i o ,  t h e  k i n e t i c  model i s  used t o  o b t a i n  t h e  tempora l  
dependence of key r e a c t i o n  species as a f u n c t i o n  o f  i n i t i a l  temperature.  
F igu re  3 shows c a l c u l a t e d  tempora l  p r o f i l e s  f o r  T = 1500K and a s t o i c h i o m e t r i c  
a i r / f u e l  r a t i o .  Fo l l ow ing  an i g n i t i o n  de lay  o f  about  1.6 ms, a peak f l ame 
temperature o f  app rox ima te l y  2350K i s  a t t a i n e d .  The e - fo ld  NO f o r m a t i o n  t i m e  

- i s  - 3.0 ms. The corresponding NO mass f r a c t i o n ,  0.003, i s  i n  good agreement 
w i t h  thermodynamic e q u i l i b r i u m  c a l c u l a t i o n s  shown i n  F igu re  4. Th is  va lue  i s  
somewhat h i g h e r  than  t h e  AGM t e s t  r e s u l t s .  b u t  t h i s  i s  a t t r i b u t e d  t o  a l ower  
gas temperature i n  t h e  g lass  m e l t e r .  

and t h e  c a l c u l a t i o n s  a r e  repeated. 
s o l i d  p a r t i c l e s  reduces t h e  NOx c o n c e n t r a t i o n  f rom approx imate ly  2000 ppm t o  
750 ppm, a f a c t o r  o f  -2.5. 
concen t ra t i ons  i n  t h e  furnace exhaust, b u t  t h e  genera l  conc lus ion  remains t h a t  
NOx c o n t r o l  i s  achieved by u s i n g  e n t r a i n e d  p a r t i c u l a t e s  as a d i spe rsed  heat  
s i n k  w i t h  a s h o r t  thermal  t r a n s i e n t  t ime.  Some e r r o r s  a r e  i n t roduced  i n  t h e  
k i n e t i c  c a l c u l a t i o n s  due t o  t h e  d i f f i c u l t y  o f  s i m u l a t i n g  t h e  process which 
causes i g n i t i o n ,  namely, t h e  expansion o f  gases i n t o  a dump combustor, as w e l l  
as t h e  use o f  a f lameholder ,  c r e a t i n g  r e c i r c u l a t i o n  zones which r e s u l t  i n  b u l k  
f l o w  and m ix ing  o f  combusted and uncombusted gases. 
exper imenta l  s i t u a t i o n  where i g n i t i o n  would a l s o  n o t  t ake  p lace  i f  methane was 
t o  be i n j e c t e d  i n t o  t h e  gas stream w i t h o u t  p r o v i s i o n s  f o r  f lamehold ing.  

These species account f o r  app rox ima te l y  40% o f  t h e  t o t a l  

The k i n e t i c  code i s  m o d i f i e d  t o  i n c l u d e  t h e  e f f e c t s  o f  s o l i d  p a r t i c l e s  
As  F igu re  3 i n d i c a t e s ,  t h e  a d d i t i o n  o f  

The AGM t e s t  r e s u l t s  show s t i l l  lower  NOx 

Th is  i s  analogous t o  t h e  
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A numer ica l  s i m u l a t i o n  model t r e a t i n g  t r a n s p o r t  processes i n  t h e  AGM i s  
used t o  desc r ibe  NOx fo rma t ion  and decomposi t ion d u r i n g  r a p i d  gas coo l  down 
by suspended batch m a t e r i a l .  The code is 1-0 and c a l c u l a t e s  t h e  temperatures 
and v e l o c i t i e s  o f  gas and p a r t i c l e s  a long  t h e  l e n g t h  o f  the combustor. 
assumes t h a t  a l l  t h e  p a r t l c l e s  a r e  e n t r a i n e d  i n  t h e  gas and do n o t  come i n t o  
c o n t a c t  w i t h  each o t h e r  i n  t h e  combustor. Gas p r o p e r t i e s  a r e  c a l c u l a t e d  based 
on i t s  chemical composi t ion.  The ba tch  compos i t i on  and t h e  gas f l o w  r a t e s  
were s e l e c t e d  t o  s i m u l a t e  t h e  performance o f  t h e  AGM. 
c a l c u l a t i o n s  a t  t h e  l o c a t i o n  where p a r t i c l e s  a r e  i n j e c t e d  i n t o  t h e  gas and it 
f o l l o w s  t h e  temperature and v e l o c i t y  o f  gas and p a r t i c l e s  as t h e y  move a long  
t h e  combustor till t h e  p a r t i c l e s  separate on t h e  t a r g e t .  

F i g u r e  5 shows t h e  temperature p r o f i l e s  i n  t h e  combustor s e c t i o n .  Cold 
ba tch  p a r t i c l e s  (sand, c u l l e t ,  soda, and l ime ;  ba tch  f l o w  rate=0.12 kg/s) were 
i n j e c t e d  i n t o  h o t  gas coming f rom t h e  v i t i a t i o n  b u r n e r  (0.11 kg/s). The 
p a r t i c l e  temperature r i s e s  a t  a r a t e  dependent on t h e  p a r t i c l e  s i z e .  The f l o w  
r a t e s  o f  oxygen and n a t u r a l  gas were 0.037 and 0.0083 kg/s, r e s p e c t i v e l y .  The 
h o t  combustion gas i s  i n i t i a l l y  quenched v e r y  r a p i d l y  due t o  t h e  h i g h  heat  
t r a n s f e r  r a t e  f rom t h e  gas t o  smal l  p a r t i c l e s .  
two subsequent sharp drops when oxygen and secondary methane a r e  added t o  t h e  
gas stream. The c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  gas coo ls  f rom i t s  peak 
temperature t o  800-900K i n  about  12 ms. 

It 

The program s t a r t s  

The gas temperature e x h i b i t s  

A t  a d i s t a n c e  o f  1.2 meters f r o m  t h e  p a r t i c l e  i n j e c t i o n  l o c a t i o n  
combustion takes  p l a c e  and t h e  gas temperature s h a r p l y  increases.  The 
p a r t i c l e  temperature a l s o  r i s e s ,  b u t  t h e  r a t e  i s  s lower  due t o  p a r t i c l e  
i n e r t i a .  By t h e  t i m e  t h e  gas e x i t s  t h e  combustor, 40 ms a f t e r  p a r t i c l e  
i n j e c t i o n ,  t h e  temperature o f  t h e  gas and t h e  m a j o r i t y  o f  t h e  p a r t i c l e s  i s  
a lmost  equal, about  1800K. 
due t o  t h e i r  l a r g e  s i z e  (150 micron d iameter)  and, t hus ,  t h e i r  l a r g e  thermal  
i n e r t i a ,  a r e  unable t o  f o l l o w  t h e  gas temperature as c l o s e l y .  

A ques t i on  n o t  p r e s e n t l y  addressed by t h e  model i s  t h e  suggest ion o f  

The o n l y  excep t ion  a r e  t h e  soda p a r t i c l e s  which 

NO, c o n t r o l  by heterogeneous c a t a l y t i c  reduc t i on .  Evidence f o r  such 
processes i s  p r o v i d e d  by s t u d i e s  o f  t h e  r e d u c t i o n  o f  NO b y  H2 ove r  a 
Rh/SiO2 c a t a l y s t  [ 5 ]  and o f  t h e  decomposi t ion o f  n i t r o u s  o x i d e  on magnesium 
ox ide  and c u p r i c  o x i d e  [6 ] .  I n  a d d i t i o n ,  s p e c i f i c  gas-surface i n t e r a c t i o n s  
have been r e p o r t e d  f o r  NO and SO2 w i t h  c o n s t i t u e n t s  t y p i c a l l y  found i n  
e n t r a i n e d  f l y  ash f r o m  coa l  combustion [7].  The e f f e c t  o f  ba tch  p a r t i c l e  
sur face abso rp t i on  s i t e s  f o r  c a t a l y t i c  r e d u c t i o n  and enhanced NO, c o n t r o l  i n  
t h e  AGM process r e q u i r e s  a d d i t i o n a l  a n a l y s i s .  

SUMMARY 

The measured NO, c o n c e n t r a t i o n  i n  t h e  advanced g lass  m e l t e r  exhaust 
gas i s  s i g n i f i c a n t l y  below a n t i c i p a t e d  NSPS requi rements.  Th is  i s  a t t r i b u t e d  
t o  g a s l p a r t i c l e  the rma l  quenching e f f e c t s .  
temperature post - f lame gases i s  chosen t o  occu r  o v e r  a t ime  s c a l e  o f  seve ra l  
m i l l i s e c o n d s .  whereas heat  t r a n s f e r  takes p l a c e  on a s h o r t e r  t ime  sca le  
r e s u l t i n g  i n  s i g n i f i c a n t l y  l ower  NOx emissions t h a n  t h e  e q u i l i b r i u m  l e v e l  
f o r  a d i a b a t i c  gas combustion. 

NOx f o rma t ion  i n  t h e  h i g h  
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SO -NO CONTROL IN A STAGED CYCLONE 
COAL~COM~STOR WITH LIMESTONE INJECTION 

8. Zauderer,’ E. Fleming’ and W. M. Swift* 

Coal Tech Corporation 
P. 0 .  Box 154 

Merion Station, PA 19006l 

Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60439’ 

ABSTRACT 

The results of a preliminary experimental study of SO -NO, control in a two- 
stage cyclone coal combustor (2 MW ) with limestone injectHon are presented. The 
tests were carried out using a finefy pulverized West Virginia low-sulfur bituminous 
coal (0.8% S), an Illinois No. 6 medium-sulfur coal (1.6% S), and an Illinois No. 6 
high-sulfur coal (2.7% S). With limestone injection in either the first or second 
stage of the combustor, SO2 reductions in The sorbent 
injection tests indicated that the first-stage combustion temperature as influenced 
by the airlfuel ratio was a major factor in sulfur capture. NO emissions measured 
at the exit of the second-stage combustor were reduced by up to 35 % over those from 
single-stage combustion. In addition, the benefits of a staged cyclone combustor 
for NO control were enhanced when the second-stage gas temperature was minimized, 
either’through increasing second-stage air dilution or by maximizing first-stage 
carbon conversion. 

excess of 80% were obtained. 

BACKGROUND AND OBJECTIVES 

Recent developments in coal cleaning technology and in the preparation of coal- 
water slurries have prompted renewed interest in the direct firing of gas turbines 
with coal-derived fuels, such as partially cleaned fuel gas and coal-water mixtures. 
Several recent studies have identified the potential economic advantages of these 
systems over conventional coal-fired power generation (1-3). 

An alternative approach to the concept of a coal-fired gas turbine is the direct 
combustion of the coal in a staged slagging combustor. The slag rejecting combustor 
has been developed primarily in support of magnetohydrodynamics (MHD) technology. 
More recently, however, development of the slagging combustor for the control of SO, 
and NO, emissions has been considered for application to both the coal-fired gas 
turbine option and to the retrofit of existing gas and oil-fired boilers. 

for SO,/NO, control is similar to 
the LIMB (limestone injection into multi-stage burners) concept being developed for 
conventional boilers by the U. S. Environmental Protection Agency and the Electric 
Power Research Institute: namely, staged combustion (fuel-rich first stage) for the 
control of NO, emissions and limestone for the control of SO, emissions. 
The added advantage of slag rejection during combustion makes the slagging combustor 
ideally suited to a wide range of utility and industrial applications, including the 
coal-fired gas turbine system and gas/oil-to-coal conversions. 

Although the amount of data available in the literature is fairly limited, the 
application of advanced slagging combustors to the control of SO,/NO, emissions has 
shown promising results (4,5). In pilot-scale testing of a low NO /SO burner 
developed by Rockwell International, bet fer than 70% SO2 reduction, N6, ekssions 
below 100 ppm (at 3% 0 2 ) ’  slaglfly ash removal over 70%, and carbon burnout greater 
than 99% have been demonstrated in tests with low-sulfur western coals (4). In a 
few cases, better than 95% SO, reduction and zero NO, emissions were reported, even 
when the only calcium used was the calcium inherent in the coal ash. 

The concept of the staged slagging combustor 

injection 
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Equally encouraging results have been reported for the TRW slagging combustor 
developed in part for MHD applications (5). SO removals of between 50 and 90% are 
claimed in limestone injection tests at a Cad ratio of 3 for coals with sulfur 
contents ranging from 0.6 to 2.1%. NO emissions have ranged from 330 to 450 ppm 
(at 3% 02) and carbon conversions were fn excess of 99%. 

Because of the proprietary aspects of the staged slagging combustor tests just 
described, details concerning them and the operational parameters that influence the 
control of SO2 and NO emissions have not been reported. Hence, a series of 
combustion tests with Timestone injection was undertaken in a nominal 2 MW staged 
slagging combustor at Argonne National Laboratory (ANL). The objective of the tests 
was to investigate the control of SOx and NOx emissions at conditions simulating 
direct coal firing into a gas turbine. 

EXPERIMENTAL 

Facility 

The test program was conducted in the ANL Fossil Energy Users Laboratory (FEUL), 
which is a DOE-owned facility constructed to accommodate a wide range of experiments 
related to coal and oil combustion. The facility has two test legs: one with a 
combustor capable of burning a variety of liquid fuels (including slurry mixtures) 
and the other equipped with the two-stage slagging coal combustor used in performing 
the present work. Each test leg has the necessary independent fuel-feed, support, 
and control systems. The air compressors, combustion air preheater, effluent 
control equipment, coolant system, and data acquisition system are shared. 

The coal combustor, designed and fabricated by ANL, is illustrated in Fig. 1. 
The combustor consists of three flanged sections with a fourth section (not shown) 
downstream of the combustor for instrumentation and gas sampling. The primary 
combustor consists of two sections: the first section accommodates the combustion 
air inlet header, coal feed injection nozzle, and a limestone feed port; the second 
section accommodates a slag tap. Constructed from 24-in. (0.64-111) schedule 20 
carbon steel pipe, the primary combustor is refractory lined to a nominal inside 
diameter of 0.55 m. The overall length is 1.37 m. 

As illustrated in Fig. 1, part of the primary combustion air enters axially 
along the combustor centerline and the remainder enters either tangentially (louvers 
installed) or radially (louvers removed). The coal to the first stage also enters 
along the combustor centerline axis. A pintle with an angle of 45" is located at 
the end of the coal injection line to radially disperse the incoming coal. First- 
stage limestone injection was accomplished through a port on the front face of the 
combustor and at an angle that intersected the centerline of the combustor at a 
point approximately 0.4 m downstream of the coal injector nozzle. 

The second stage of the combustor is constructed from 18-in. (0.46-m) schedule 
standard pipe and is refractory lined to a nominal inside diameter of 0.38 m. The 
secondary combustion air enters radially through three ports located around the 
combustor wall. During certain tests, the limestone sorbent was injected through a 
port just upstream of the secondary air inlet nozzles. The second stage of the 
combustor is separated from the first stage by a slag baffle with a centerline 
opening of 0.25 m. 

The coal combustor has a nominal thermal input rating of 2 HW, including the 
sensible heat of the combustion air, which can For the 
tests that form the subject of this paper, the thermal input to the combustor was in 
the range 1.1 to 2.4 W ,  with most of the tests in the lower end of this range. The 
split between the primary and secondary combustion air and the ratio of primary 
axial to swirl air can be independently For all but one of the tests 
described herein, the louvers in the primary combustor were not installed; hence, 
the nonaxial primary combustion air was injected with little or no swirl component. 
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Test Coals and Limestone 

Three different coals were used in the test program: a West Virginia Alma C seam 
coal and two Illinois No. 6 seam coals. The results from nominal analyses of  the 
three coals are given in Table 1. The West Virginia coal was primarily selected 
because nearly 70% of the total sulfur in the coal (0.85 wt X )  is organic. It was 
speculated that this might ensure rapid release of the sulfur from the coal during 
fuel-rich combustion in the first stage, possibly enhancing the capture o f  the 
sulfur by the limestone sorbent. The two Illinois coals were selected because of 
their higher total sulfur (1.6 and 2.7 wt A limitation on the 
limestone hopper capacity and injection rate made testing with a very high sulfur 
coal (>3 wt X )  impractical. 

%) and ash content. 

All three coals were delivered to a commercial grinding service where the coals 
were pulverized and loaded into metal bins with a nominal capacity of 900 kg. The 
first two coals were pulverized to approximately 98% -200 mesh. The third coal wa:; 
slightly coarser at 92% -200 mesh. The bins of coal were delivered to ANL and, a:s 
needed, automatically loaded into a coal feed storage hopper capable of holding 
approximately 11,400 kg, a quantity sufficient for combustion tests of 6 t o  8 hours. 

The limestone used in this work was obtained from Grove Lime Co. in Stephens 
City, Virginia. This limestone, which contains 95.3 wt X CaCO and 1.3 wt X MgC03, 
was used extensively in the early development of fluijized-bed combustion 
technology. For this study, the limestone was pulverized to 80% -200 mesh. 

Test Procedure and Conditions 

The general procedure adopted for each test was to bring the combustor to the 
desired initial set of operating conditions over a period of one to two hours. 
Baseline gas analysis data were then recorded without limestone injection. 
Limestone would then be injected into the first and/or second stage of the combustor 
and the composition of the gas exiting the second stage of the combustor would be 
monitored for changing SO concentration until a new “steady-state‘‘ value of SO2 was 
achieved. The limestone Zeed would then be discontinued and the SO2 level in the 
combustion gas allowed to return to the baseline value. A change in operating 

Table 1. Nominal Analyses of Test Coals (Dry Basis) 

West Virginia Illinois No. 6 Illinois No. 6 
Analysis Alma C Seam (Orient #4 Mine) (Fidelity #11 Mine) 

Test Coal Designation 1 2 3 
Moisture, As Received 1.2 4.7 7.0 
Proximate Analysis, wt X 
Ash 6.0 9.2 12.3 
Volatile Hatter 33.8 39.5 35.4 
Fixed Carbon 60.2 51.3 52.2 
Sulfur 0.85 1.6 2.7 

Carbon 81.5 73.9 70.7 

Nitrogen 1.4 1.5 1.4 
Sulfur 0.85 1.6 2.7 
Ash 6.0 9.2 12.3 

Ultimate Analysis, wt X 

Hydrogen 5.2 5.7 4.9 

Oxygen 5.1 8.2 8.0 
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parameters would then be made and the above procedure repeated at the new set of 
conditions. This procedure would generally be repeated three or four times during 
each combustor test period to obtain data over a range of conditions. 

Gas analysis probes were located in the first and second stages of the combustor 
and also downstream of the second stage. The gas samples were cooled as they were 
withdrawn from the sampling ports and passed through a gas conditioning system where 
the sample was filtered free of particulates and dried using a membrane-type dryer. 
The samples then passed to on-line gas analyzers for CO, 02, SO2, Cog, and NOINOX 
analysis. The analyzers were calibrated using standard calibration gases at the 
beginning of each test and at frequent intervals during each test period. 

The nominal test conditions and the measured reductions in SO2 leaving the 
second stage of the combustion system are listed in Table 2. The parameters varied 
in the course of this study were the primary and overall air/fuel ratios 
(stoichiometry), first- and/or second-stage limestone injection, Ca/S molar ratio, 
and sulfur content of the coal. 

RESULTS 

Combustor Operation 

Although the ANL combustor performed very well during the limestone injection 
tests, the combustor did have a number of performance characteristics that 
influenced the test program. The ANL combustor, for example, is limited to 
atmospheric pressure operation, whereas gas turbine applications would require 

Table 2. Nominal Test Conditions and Experimental Results 

Test 
Condition 

2.3-2 
3.1-2 
3.1-3 
4.1-2 
4.1-3 
4.2-2 

5.1-2 
5.2-2 
5.3-2 
5.4-2 
6.1-2 
6.2-2 
6.4-2 
6.5-2 

7.1-2 
7.2-2 
7.4-2 
7.5-2 

8.1-2 
8.2-2 

Coala 

1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 

3 
3 
3 
3 

3 
3 

Coal Feed 
Rate (kg/h) 

225 
145 
145 
150 
150 
150 

165 
200 
140 
110 
145 
135 
155 
145 

170 
155 
155 
155 

185 
155 

Stoichiometry 
Primary Overall 

0.5 1.2 
0.6 1 . 7  
0.6 1.7 
0.7 1.7 
0.7 1.7 
0.6 1.7 

0.9 1.5 
0.4 1.2 
0.6 1.7 
0.9 2.2 
1.1 1.7 
1.2 1.8 
0.6 1.6 
0.6 1.7 

1.2 1.6 
1.2 1.7 
0.8 1.7 
0.8 1.8 

0.6 1.6 
0.6 1.7 

Limestone 
Inject ion 
Ca/S Stage 

3.2 1 
2.3 1 
4.4 2 
2.5 1 
2.5 2 
1.0 1 

3.1 2 
2.5 1 
3.6 2 
4.9 2 
3.5 2 
3.6 2 
2.6 2 
3.1 2 

2.6 1 
2.7 1 
2.8 2 
2.9 1 

2.3 1 
2.6 1 

Sulfur 
Retention ( X )  

23 
36 
97 
49 
26 
33 

49 
24 
55 
31 
62 
5 1  
72 
84 

50 
44 

48 

55 
46 

5a 

a Refer to Table 1 for coal designations 
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operation at elevated pressure. This was not considered a serious limitation, 
however, because the identification of parameters affecting SOx/NO, control at 
atmospheric pressure would generally be useful in any application of the concept. 

Also, the available supply of combustion air was insufficient to operate the 
combustor at high thermal inputs and maintain the high excess air conditions of 180 
to 200% required to simulate gas turbine applications. As a result, heat losses to 
the combustor walls were as high as 15 to 20% of the thermal input. This, together 
with occasional flameouts of the combustor, resulted in slag solidifying and 
blo2king the slag drain in the first stage As a result, the slag 
rejection capabilities of the ANL combustor could not be evaluated. Further, it  was 
not possible to determine the quantity of slag and limestone that accumulated in the 
combustor over the duration of a test. Hence, accurate carbon and sulfur material 
balances at the individual test conditions could not be determined. 

of the combustor. 

A third factor in the tests, which was not a limitation of the equipment, was 
the decision to operate the combustor without the swirl louvers in the primary 
combustor. A s  a result, the combustor performed essentially as a plug flow unit 
with respect to both gases and particles. In this respect, the ANL combustor more 
nearly resembled the Rockwell low NOx/SOx burner cited above. 

The high particle loadings and slagging conditions in the primary combustor also 
made sampling of the first-stage combustion gases very unreliable. Sampling ports 
would quickly slag over and/or sampling lines plug, making further sampling 
impossible. While gas sampling lines at the exit of the second stage of the 
combustor were also prone to plugging, the availability of multiple sampling ports 
and the ability to periodically clean lines not in use made second-stage gas 
sampling highly reliable. Hence, the evaluation of combustor performance was 
largely based on the results of the second-stage gas analysis. 

Evaluation of Limestone Injection for Sulfur Control 

As shown in Table 2 ,  measured reductions in SO2 emissions ranged from a low of 
23% to a high of 97% over the full range of test conditions investigated, including 
both first- and second-stage sorbent injection. The test results indicate that 
sulfur capture via limestone injection is a complex phenomenon. Since, however, the 
air/fuel ratio in the primary combustor has a significant influence on both (1) the 
rate of sulfur release from the coal and the ratio of H2S to SO2 formed during fuel- 
rich combustion, and ( 2 )  the resulting first- and second-stage gas temperatures, it 
was found that the SO2 reduction during sorbent injection exhibited a noticeable 
dependency on the first-stage air/fuel ratio. 

Figure 2 is a plot of the effect of first-stage combustion stoichiometry on 
reducing SO2 during first-stage limestone injection. In producing the plot, the 
sulfur reduction data in Table 2 were normalized to a Ca/S ratio of 3.0 assuming a 
linear dependency. Figure 2 also includes some data from injection tests with a 
hydrated limestone in a related series of tests. The results indicate the optimum 
reduction in SO2 occurred at an air/fuel stoichiometric ratio in the range 0 .5  to 
0 . 7 .  This is considered to be largely a thermal effect in that higher first-stage 
air/fuel ratios resulted in excessively high first-stage gas temperatures (>1900 K, 
calculated). The apparent low reduction in SO2 during first-stage injection at an 
air/fuel ratio of 0.4 is not fully understood. 

Figure 3 is a similar plot of SO2 reduction as a function of first-stage 
air/fuel stoichiometry for second-stage sorbent injection. The observed dependency 
is generally the same as for first-stage sorbent injection. This may have resulted 
from the selection of the second-stage sorbent injection location, which was 
slightly upstream of the secondary air injection. Hence, the first-stage gas 
temperatures may also have influenced sorbent performance during second-stage 
inject ion. 
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Although the data are fairly limited and exhibit a high degree of scatter, the 
general results are encouraging in that the overall measured sulfur reductions in 
excess of 80% at Ca/S ratios on the order of three are consistent with the results 
reported for the Rockwell and TRW combustors. Considerably more data are needed, 
however, to fully understand the complex effects of operating parameters on 
combustor performance. 

NO, Control 

Independent of coal type, the staged combustion for NOx control exhibited two 
different dependencies on the first-stage air/fuel ratio, as shown in Fig. 4. The 
upper curve, which corresponds to less reduction in NO emissions, is representative 
of tests where the second-stage bulk gas temperature'was too high (>1750 K) and/or 
where carbon conversion in the first stage was relatively low (<70%), leading t o  
excess carryover of fuel-bound nitrogen in the char to the oxidizing second stage of 
the combustor. Greater NO reductions occurred when either the second-stage 
temperatures were lower than f650 K and where carbon conversion in the fuel-rich 
first stage was high enough (>70%) to allow release and conversion of the fuel bound 
nitrogen to N2. 

In both cases, however, measured second-stage NO was reducible to less than 100 
ppmv at 15% 0 by controlling the first-stage stofchiometry. This corresponds to 
300 ppmv at 31 02, a value that is again consistent with the results reported by TRW 
and Rockwell for their combustors. 

CONCLUSIONS 

The results of the preliminary investigation of limestone injection in a staged 
slagging combustor for the control of SOx and NOx emissions are very encouraging. 
Sulfur retentions were in excess of 80% and emissions were as low as 100 ppmv 
(at 15% 02). Considerably more testing is required, however, to fully understand 
the complex mechanisms controlling the sulfur retention process. The results are 
consistent with those reported for the TRW and Rockwell slagging combustors. 

NOx 
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FIRST STAGE COMBUSTION STOICHIOMETRY 

F i g .  3. Measured Reduction i n  SO with Second Stage 2 
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SULFUR IMPACT ON COAL-FIRED GAS TURBINES 

C. S. Wen and L. H. Cowell 

Solar Turbines Incorporated 
P.O. Box 85376 

San Diego ,. CA 921 38-5376 

ABSTRACT 

Solar Turbines Incorporated i s  conducting a DOE-sponsored program t o  develop 
coa l - f i r ed  cogeneration gas turb ines.  
combustion o f  coal i n  both d r y  pu lver ized form, as wel l  as a coal-water 
s l u r r y ,  using a r ich- lean,  two-stage slagging combustor (TSSC). 
condit ions, H2S i s  formed i n  the atmosphere surrounding burning p a r t i c l e s ,  
and may p e r s i s t  i n  the  r i c h  zone, bu t  the dominant s u l f u r  species i n  t h e  
exhaust gas o f  t he  lean secondary zone i s  S02. A s u l f u r  d i s t r i b u t i o n  
based on TSSC combustion o f  eastern Kentucky bituminous coal showed t h a t  up 
t o  90% o f  the s u l f u r  was converted t o  oxides wh i l e  the remainder combined 
l a r g e l y  w i th  t h e  ash. 
over 50% o f  t he  a l k a l i s  introduced w i t h  t h i s  coal have been reta ined w i t h  
t h e  s lag i n  the  primary combustion zone. 

INTRODUCTION 

Sul fur  i s  one o f  the key elements i n  coal f u e l  spec i f i ca t i ons  which requi res 
p a r t i c u l a r  a t ten t i on .  
and/or deposi t ion o f  co r ros i ve  su l fa tes  on blades are major problems i n  the 
development o f  c o a l - f i r e d  gas turb ines.  Substant ia l  s u l f u r  removal w i l l  be 
needed i n  order t o  meet environmental standards and t o  reduce the  i n t e r a c t i o n  
between s u l f u r  and a l k a l i  compounds. Several processes e x i s t  so t h a t  clean-up 
o f  s u l f u r  i s  feas ib le ,  bu t  they are expensive. 
cont inue t o  force greater  usage o f  min imal ly  cleaned coal (i.e., coal w i t h  
h igh ash and/or s u l f u r  content).  
du r ing  coal combustion and i t s  impact on gas tu rb ines  w i l l  b e n e f i t  Control 
o f  s u l f u r  emissions and corros ion.  
two-stage s lagging coal combustion and discusses i t s  impact on c o a l - f i r e d  
gas turb ines . 

Solar 's  approach emphasizes the d i r e c t  

Under TSSC 

The s tud ies  made t o  date have a l so  i nd i ca ted  t h a t  

Emissions o f  s u l f u r  oxides as wel l  as the condensation 

Economic considerat ions w i l l  

An understanding o f  the r o l e  o f  Su l fu r  

This paper reviews the r o l e  o f  s u l f u r  i n  

EXPERIMENTAL 

Combustion t e s t s  were performed us ing a two-stage slagging combustor show i n  
Figure 1. The f o l l o w i n g  t e s t  procedure has been used f o r  a l l  combustor t e s t s  
conducted i n  t h i s  study. The combustor was s ta r ted  using #2 d iese l  t o  l i g h t  
o f f  and es tab l i sh  the des i red t e s t  condi t ions.  When t h e  wa l l  temperatures 
were s tab i l i zed ,  a gen t le  t r a n s i t i o n  t o  t h e  coal-water mix ture was accomplished 
by tu rn ing  on t h e  coal  f u e l  and t u r n i n g  o f f  t he  d iese l  u n t i l  t he  combustor 
was operat ing on coal-water m ix tu re  only. 

I n  Solar 's two-stage s lagging combustor, t he  coal f u e l  i s  i n j e c t e d  v ia  a 
se r ies  o f  angled i n j e c t o r s  w i t h  a i r  i n t o  the  primary zone where the  f u e l - r i c h  
coal combustion takes place r a p i d l y .  
primary c e n t e r l i n e  and i s  then const ra ined by the impact dome and the r e f r a c -  
t o r y - l i n e d  wa l l s  t o  reverse and e x i t  between the incoming flows. A s t rong 
t o r o i d a l  vor tex i s  formed surrounding t h e  main j e t  and t h i s  ac ts  p r i m a r i l y  

. The reac t i ng  j e t  f l o w  impinges on the 
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as a p a r t i c l e  r e t a i n i n g  system. P a r t i c l e s  smal ler  than some c r i t i c a l  s i z e  
f o l l o w  the  f l ow  streamlines and escape. Other p a r t i c l e s ,  which a re  l a r g e r  
than some upper l i m i t ,  a re deposited and form s lag on the dome and wal ls .  
The molten s lag  i s  t hen  co l l ec ted  i n  a s lag p i t .  

The exhaust raw gases from t h e  primary zone which are r e l a t i v e l y  f ree  o f  
p a r t i c l e s  pass i n t o  t h e  secondary zone where remaining, unburned chars are 
then mixed w i t h  secondary a i r  where combustion i s  completed t o  form des i rab le  
combustion products. The hot gas l eav ing  the combustor enters  a separator 
t o  separate p a r t i c u l a t e  f l y  ash. Reaction temperature a t  the primary zone i s  
above 2700'F w i t h  estimated temperature i n  secondary zone o f  1600 t o  18OOOF. 

Two coal-water f u e l s  were formulated w i t h  h igh v o l a t i l e  bituminous, eastern 
Kentucky coals (Kentucky #5 and Elkhorn #2 mines) from AMAX Ex t rac t i ve  R & D. 
Fuels were obtained i n  the  form o f  aqueous s l u r r i e s  and prepared by phys ica l  
bene f i c ia t i on .  
re fus ing  s inks and c o l l e c t i n g  clean coal f l o a t s .  The f l o a t  coals  t y p i c a l l y  
contained less  than 3.9% ash and had c a l o r i f i c  heating-values above 14,400 
Btu/ lb  on a d r y  basis. 
prepared by g r i n d i n g  the  dense-medium f l o a t  coal f u r t h e r  i n  a b a l l  m i l l  t o  
achieve a des i red  p a r t i c l e  s ize.  
w i t h  1.2 t o  1.4% of  d ispersant .  

Coals were cleaned i n  a s t a t i c - b a t h  dense-medium separator f o r  

Stable, pumpable s l u r r i e s  o f  coal and water were 

A l i s t  o f  f u e l  p roper t i es  appears i n  Table 1. 
The f inish-ground s l u r r y  was blended t o  

TABLE 1 

Coal-Water S l u r r y  Fuel Charac te r i s t i cs  

CUM Batch 
Coal Content o f  Fuel ( w t % )  
Ash Content o f  Fuel ( s t % )  
Coal P a r t i c l e  Top Size (micron) 
Gross Heating Value (Bu t / l b )  
V i scos i t y  o f  Fuel 6' 100 sec-l  (Cp) 
Mean Size, micrometers 
Dispersant (wt%) 

Promimate Analys is  o f  Coal (wt%) 
Ash 
Vol a t  i 1 es 
Fixed Carbon 

U l t ima te  Analys is  o f  Coal (wt%) 
Carbon 
Oxygen (by d i f f e rence )  
Hydrogen 
Ni t rogen 
Su l fu r  

Forms o f  S u l f u r  (Dry Coal Basis) 
Total S u l f u r  (wt%) 
Su l fa te  
Py ri t i c  
Organic 

A 
59.98 

1.85 
44 

14,518 
400 ---_ 

1.2 

3.08 

58.43 
38.49 

84 .OO 
7.81 
5.63 
1.64 
0.92 

0.92 
0.05 
0.06 
0.81 

C 
5-411 

2.1 
100 

14,397 
300 

14.1 
1.4 

3.88 
36.10 
60.02 

77.14 
14.34 

5.80 
1 .82 
0.90 

0.90 
0.04 
0.01 
0.85 
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Sulfur content i n  a l l  t h ree  CWM Fuels are approximately 1 w t %  on a dry  coal ,  
ash f ree  basis. Physical c leaning removed most o f  the inorganic  su l fu r ,  but  
l e f t  behind organic s u l f u r .  
f u r the r  i nd i ca ted  t h a t  on ly  t race  amounts o f  su l fa te  (0.05 wt%) and 
p y r i t i c  su l fu r  (0.01-0.06%) remained i n  the sample, t he  ma jo r i t y  was organic 
s u l f u r  (0.80%). The ash contents i n  the samples range from 1.9 t o  2.1 
wt% on a fue l  basis. The ash composition analys is  (Table 2) ind icates the  
a c i d i c  mineral proper t ies i n  the coal fuels. The base-to-acid r a t i o  i s  0.28 
f o r  A and 0.18 f o r  C, respect ive ly .  
a c i d i c  const i tuents  i n  the ash can be used as a means o f  p red ic t i ng  the ash 
fus ion temperatures and the  s lag proper t ies.  

A de ta i l ed  analys is  o f  s u l f u r  forms (Table 1 )  

The r e l a t i v e  amount of the basic and 

TABLE 2 

Ash Slagging Proper t ies 

CWM Batch A C 

Ash Composition 

Ash Fusion Temperatures ( O F )  

Oxidi zingIReducing 

I n i t i a l  Deformation 
Softening 
Hemi spher ica l  
F l u i d  

43.40 
27.80 
14.10 
3.33 

0.816 
1.37 

0.723 
2.10 

0.066 
0.406 
0.078 
0.072 

53.0 
28.1 
11.6 
1.86 
0.61 
0.91 
1.03 
2.07 

0.065 
0.314 

0.06 
0.04 

237 51 2308 267 01 2460 

+27 00/ 2565 +2740/2650 
270012543 +2700/2605 

+2700/2698 +2700/2700 

BaseIAcid Rat io  0.28 0.18 

S i l i c a  R a t i o  79.6 70.4 

Viscos i ty  From Equivalent 169 575 
S i l i c a  @ 260OoF (poise)  

T250 Temperature (OF) 2527 2790 

Fouling Index 0.38 0.18 

S1 aggi ng Index 0.26 0.1 7 
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RESULTS AND DISCUSSION 

The Fate o f  S u l f u r  i n  Slagging Coal Combustion 

Upon i n j e c t i n g  a coal-water s l u r r y  i n t o  the  primary zone, the coal s l u r r i e s  
are atomized and undergo a rap id devo la t i za t i on  fo l lowed by a burnout o f  the 
char (Refs. 1.2). Figure 2 i l l u s t r a t e s  a s i m p l i f i e d  scheme involved i n  the 
combustion o f  a coal p a r t i c l e .  The v o l a t i l e  organic and inorganic  s u l f u r  
species are vaporized from the burn ing coal  p a r t i c l e s  and are t ranspor ted t o  
the surface by molecular d i f f u s i o n .  The reducing atmosphere surrounding a 
burn ing p a r t i c l e  al lows the reduct ion t o  take place on v o l a t i l e  species, but 
as soon as the vapors d i f f u s e  away from the  burning p a r t i c l e ,  t he  ox id i z ing  
nature o f  the b u l k  gas stream would ox id i ze  s u l f u r  species t o  t h e i r  highest 
ox idat ion s tate.  The r a t e  o f  s u l f u r  release from coal i s  very f a s t  from both 
s u l f u r  bound i n  the organic ma t r i x  and s u l f u r  i n  d i s c r e t e  minerals even under 
the l oca l  reducing condi t ions.  Recent thermal analys is  (Ref. 3) ind icated 
tha t  c a t a l y s i s  or accelerat ion o f  coal combustion occurs by i t s  p y r i t e  
impur i t i es  due t o  the  f a c t  t h a t  FeS2 promotes se l f -hea t ing  and spontaneous 
combustion o f  coal .  

Under r i c h  zone reducing condi t ions,  p y r i t i c  s u l f u r  ( p y r i t e  o r  marcasite, 
FeS2) decomposes t o  s u l f u r  ( 5  ), hydrogen s u l f i d e  (H2S). and carbonyl s u l f i d e  
(COS) (Ref. 4). Elemental s u f f u r  i s  given o f f  a t  475Y (887'F) from i r o n  
d i s u l f i d e  ( p y r i t i c  s u l f u r )  w i t h  accompanying reduct ion t o  FeS (Ref. 5 ) :  

FeS2 - FeS + 1/2 S2 <1> 

The r a t e  o f  t h i s  reac t i on  becomes la rge  above 1000°F. 
decomposition o f  carbon-hydrogen bonds i n  coal w i l l  occur a t  r e l a t i v e l y  low 
temperatures and y i e l d  hydrogen f o r  reduct ion o f  FeS2. Mineral mat ter  such 
as s i l i c a t e s  o r  basic minera ls  i n  coal may cata lyze the reduct ion o f  FeS2 
(Ref. 6 ) .  

I n  addi t ion,  the 

FeS2 + H2 -+ FeS + H2S <2> 

and 

FeS + H2 -Fe + H2S <3> 

Reaction <2> becomes important above 93OOF bu t  reac t i on  <3> i s  slow even a t  
147OOF (Ref. 7). 
according to :  

The combustion product such as CO can a lso reac t  w i t h  FeSp 

FeS2 + CO - FeS t COS < 4> 

but the reac t i on  i s  slow below 147OOF (Ref. 7). 

The r i c h  zone d e v o l a t i l i z a t i o n  o f  organic s u l f u r  i s  no t  well  documented, 
however. i t  i s  be l ieved t h a t  hydrogen s u l f i d e  (H2S) i s  t he  p r i n c i p a l  product, 
accounting for  t y p i c a l l y  90% of  t h e  evolved s u l f u r ,  w i t h  con t r i bu t i ons  of COS, 
CS2, and S2 (Ref. 4). However, these species w i l l  t u r n  t o  h igher  ox id ized 
states, Sox, as they are exposed t o  the  primary a i r  stream. 
resent t h e  dominant o rgan ic -su l fu r  i n  the coal. Thiophene i t s e l f  i s  s tab le 

Thiophenes rep- 
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up t o  840°F and dibenzothiophene i s  s tab le  t o  a t  l e a s t  1020'F (Ref. 7 ) .  
Reduction o f  thiophene proceeds according to :  

and dibenzothiophene reacts  according to :  

Su l fu r  release dur ing coal d e v o l a t i l i z a t i o n  can be i n h i b i t e d  by inherent  
capture by coal -bound mineral matter, p a r t i c u l a r l y  calcium oxides and sodium 
oxides (Refs. 4.8): 

CaO + H2S - CaS + H20 < 7> 

I n  f u e l  lean flames and o x i d i z i n g  atmospheres, over 90% o f  the s u l f u r  i s  
converted t o  SO2 wh i l e  the  remaining several percent e x i s t  as SO3 (Ref. 4). 
Hydrogen s u l f i d e  (H2S) which i s  o r i g i n a l l y  released from p y r i t i c  and organic 
s u l f u r  i n  the primary zone i s  r a p i d l y  converted t o  SO2 i n  the l ean  secondary 
v i a  the sequence (Ref. 9) :  

HpS - HS -+SO -+ SO2 <8> 

The capture of  s u l f u r  d iox ide  w i t h  the calcium-based coal minerals could a l so  
occur as 

CaO + SO2 + 1/2 02 -+Cas04 < 9> 

but, calcium s u l f a t e  i s  s tab le  on l y  a t  temperatures below 2200'F (Ref. 10). 

Tota l  s u l f u r  conversion t o  the  oxide i s  genera l l y  h igh  i n  pu lver ized coal  
combustion, t h e  remainder l a r g e l y  combining w i t h  the ash. Table 3 compares 
major compositions between a piece o f  s lag  reta ined i n  the s lag  p i t  of primary 
zone and ash p a r t i c u l a t e s  c o l l e c t e d  from the  exhaust gas. A s i g n i f i c a n t  
amount o f  s u l f u r  associated w i t h  ash p a r t i c u l a t e s  was observed, compared t o  
a t race  reta ined i n  the slag. 
based on TSSC combustion t e s t s  of eastern Kentucky bituminous coal i s  shown, 
i n  Table 4 which up t o  91% o f  s u l f u r  was converted t o  oxides. 

A s u l f u r  d i s t r i b u t i o n  i n  coal combustion 
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TABLE 3 

Composition Analysis ( a )  

Composition, wt.% I S1 ag Ash (b)  
(Primary Zone) Par t icu la tes 

43.7 
32.6 
2.04 
11.6 
1.72 
0.70 
0.22 
1.07 
0.75 
0.12 
0.08 
0.02 
0.10 
0.09 
0.03 
0.05 
0.07 

44.4 
22.6 
2.16 
9.34 
1.25 
0.56 
0.1 2 
1.04 
1.18 
0.39 
0.39 
0.08 
0.09 
0.45 
2.90 
0.06 
11.3 

(a)  Using batch ' C '  CWM as feed 
(b)  Carbon-free bas is  

TABLE 4 

Su l fu r  D i s t r i b u t i o n  i n  Coal Combustion (a) 

Su l fu r  Out 

S Adsorbed as 
Total Su l fu r  Sul fa tes i n  Ash (b)  

i n  Fuel Pa r t i cu la tes  S Retained i n  Slag S Exhausted as SO# 

0.63 l b  S/106 Btu 0.06 - 0.23 0.001 0.40 - 0.57 

100% 9.2 - 36.8% 0.2% 63.0 - 90.6% 

(a) Based on an Eastern Kentucky coal having 0.92% w t .  S dry coal bas is  
and 8708 B t u / l b  CWM where CWM has 60% w t .  coal loading (Batch A feed) 

(b) Slag based on an average 70% w t .  o f  s lag retent ion.  

The Effect of S u l f u r  on Corrosion and Deposit ion 

I n  combustion, sodium and potassium are l i k e l y  t o  be released from coal as 
the  most v o l a t i l e  species, i.e. ch lo r i de  or hydroxide. However, i n  a combus- 
t i o n  environment a t  temperatures below about 18OOOF. a s i g n i f i c a n t  propor t ion 
of  the vapor a l k a l i  w i l l  be converted t o  condensed phase s u l f a t e  (Ref. 11). 

<1 o> 2 NaCl(g) + H20(g) t SOZ(g) + 1/2 02(g) t N a z S O q ( c )  + 2HCl(g) 
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The estimated residence t ime requi red f o r  evaporation o f  sodium ch lo r i de  and 
i t s  conversion t o  s u l f a t e  i s  about 2 sec. (Ref. 12). 
of temperature, pressure, and gas composition, t h e  s u l f a t e  could condense 
Onto entrained p a r t i c u l a t e s  o r  nucleate t o  form an aerosol. 

Corrosion could be i n i t i a t e d  when the  a l k a l i  su l fa tes  condense on the  metal 
due t o  the temperature drop through the  t u r b i n e  and due t o  the contact  w i t h  
the cooled t u r b i n e  blades r e s u l t i n g  i n  an increase i n  a l k a l i  s u l f a t e  f l u x  t o  
at tack the p ro tec t i ve  oxide (Ref. 13). 

Depending on condi t ions 

Na2S04(1) + Al203(s) + 3S02(g) + 3/2 02(g) + 2 NaAl (SO4)z <11> 

The p ro tec t i ve  oxide scale (e.9. Al2O3) i s  destroyed and the  subsequent 
reformation i s  i n h i b i t e d .  

Corrosion may a l so  occur through an increase i n  the a c i d i c  component (SO3) t o  
react  w i t h  p ro tec t i ve  A1203 scale on s tee l  wi thout  t he  presence o f  a l k a l i  
(Ref. 13). 

3So3(9) + AleOj(s) + A12(S04)3(s) <12> 

Increased t ranspor t  o f  S through the  oxide scale w i l l  occur and s u l f a t e  phase 
w i l l  be formed below the A1203 scale. 

The actual mechanism o f  corros ion i n  c o a l - f i r e d  gas turb ines i s  not  completely 
understood. A1 k a l i  s u l f a t e  vapor released du r ing  combustion could p a r t i a l l y  
be adsorbed by t h e  a luminosi l icates,  inherent  coal minerals, which are e f f i c i e n t  
"ge t te rs "  f o r  a l k a l i  metal s u l f a t e s  (Refs. 11, 14). 

K2S04(g) + A1203.6Si02(s) - K20.A1203.6Si02(s) + SOz(9) + 1/202(g) 

The slag removal f ea tu re  o f  a s lagging combustor can a lso g rea t l y  reduce the. 
impact o f  coal co r ros i ve  mater ia ls .  Over 50% o f  the a l k a l i  introduced i n  
coal feed can be expected t o  be removed as s lag i n  the  primary combustion 
zone (Table 5). 
p a r t i c u l a r l y  i n  the  hot end zone could f u r t h e r  reduce a l k a l i  metal vaporiza- 
t i o n .  
operating features o f  t he  slagging combustor may g r e a t l y  reduce the  corros ion 
seve r i t y  po ten t i  a1 o f  coal . 
The formation mechanism o f  deposited mat ter  on t u r b i n e  blades or vanes i s  
be l ieved t o  s t a r t  w i t h  m l t e n  ash o r  f l y  s lag  s t i c k i n g  t o  the  metal surface. 
Chemical analyses o f  the exhaust deposi t  and the  s lag (Table 6) i nd i ca ted  
t h a t  the deposited mat ter  has almost i d e n t i c a l  chamical compositions as the 
s lag co l l ec ted  i n  t h e  s lag p i t .  
s u l f u r  o r  water-soluble a l k a l i  s u l f a t e  sa l t s .  Pet rographica l ly ,  t he  two 
mater ia ls  were s i m i l a r  except t h a t  t he  exhaust deposi t  contained gas bubbles. 
X-ray d i f f r a c t i o n n  and e l e c t r o n  microprobe s tud ies showed t h a t  t he  two samples 
consisted b a s i c a l l y  o f  a g lass phase conta in ing bladed m u l l i t e .  A s p i n e l - l i k e  
phase was seen i n  t h e  deposi t  ma te r ia l .  The m u l l i t e  and sp ine l  bo th  probably 
c r y s t a l l i z e d  dur ing s o l i d i f i c a t i o n  o f  t he  mel t .  
recen t l y  t h a t  a l k a l i s  may never escape from the coal a lum inos i l i ca te  coordina- 
t i o n  environment (Ref. 4). Based on the decomposition mechanisms o f  coal 
a l k a l i  minerals ( I l l i t e )  as i l l u s t r a t e d  i n  F igure 3, sur face mois ture and 
mineral water are desorbed a t  approximately 3DOOF (15DOC). dehydration 

<13> 

The shor t  residence t imes i n  gas tu rb ine  combustor, and 

Thus, a precombustion c leaning o f  coal i n  conjunct ion w i t h  unique 

Neither contained any s i g n i f i c a n t  amount of 

It has been speculated 

389 



takes place between 890-1100OF a t  which temperature two water molecules are 
s p l i t  o f f  from the  fou r  hydroxide un i t s ,  and somewhere between 1560-1832OF 
decomposition o f  t he  anhydride take p lace t o  form spine l  (A12FeMgl.506) and 
glass (K1.5Si6.5A11.506). However, a t  h igher  temperatures ( 30OO0F), such 
as slagging cond i t i ons ,  t he  sp ine l  can red isso lve i n t o  the  melt,  and g lass 
phases (e.g. m u l l i t e  and c r i s t o b a l i t e )  may be reformed wh i l e  gaseous a l k a l i  
species can be released. 

CONCLUSIONS 

The s u l f u r  content o f  the coal introduced i n t o  t h e  gas t u r b i n e  combustion 
system d i c t a t e s  t h e  degree t o  which s u l f u r  capture compounds o r  hot-gas 
cleanup must be u t i l i z e d .  The coal d e s u l f u r i z a t i o n  t o  a l eve l  acceptable 
f o r  emissions and co r ros ion  c o n t r o l  i s  a key issue i n  the developmeilt o f  d i r e c t  
coa l - f i r ed  gas tu rb ines .  Uncontrol led s u l f u r  emissions i s  a d i r e c t  f unc t i on  
o f  the s u l f u r  l e v e l  i n  t h e  coal and w i l l  exceed cu r ren t  NSPS l eve l s .  Su l fu r  
compounds i n  the combustor exhaust a l so  have the  po ten t i a l  t o  cause deposi t ion 
and co r ros ion  on t u r b i n e  blades. The a v a i l a b i l i t y  o f  n a t u r a l l y  occu r r i ng  low- 
s u l f u r  coal i s  l i m i t e d  as i s  t he  a p p l i c a b i l i t y  o f  coal bene f i c ia t i on .  Physical 
cleaning w i l l  remove most o f  t h e  i no rgan ic  s u l f u r ,  bu t  w i l l  leave behind 
organic s u l f u r .  Hot aqueous caus t i c  leaching and molten a l k a l i  desu l fu i za t i on  
can remove pa r t  o f  t h e  organic  s u l f u r ,  bu t  appear t o  be expensive. There i s  
also a p o t e n t i a l  r i s k  o f  l o s i n g  v o l a t i l e  and increas ing a l k a l i  l e v e l s  i n  the 
feed. 

Therefore, i n  the  near-term, s u l f u r  c o n t r o l  v i a  s u l f u r  re ta ined i n  re jec ted  
slag and sorbent capture du r ing  coal combustion represent important routes 
f o r  development. Coal b e n e f i c i a t i o n  and post combustion gas clean-up upstream 
of  the t u r b i n e  are a l t e r n a t i v e s  t o  i n - s i t u  s u l f u r  con t ro l  i n  t h e  combustor, 
although the cos t  e f fec t i veness  o f  these options i s  questionable. I n t roduc t i on  
of. l ime o r  do lomi te sorbent f o r  s u l f u r  capture w i l l  a lso impact on ash fus ion 
and depos i t i on  as w e l l  as on inherent  coal mineral "ge t te rs "  f o r  a l k a l i .  

TABLE 5 

Slag Retention Proper t ies 

I 
CWM Batch 

A C 

CWM Feed 
- 4 3 7 4 - r  

27 -80 
2.10 

14.10 
3.33 
0 .a2 
1.37 
0.72 
0.41 - 

28.38 
1.39 

13.71 
3.54 
0.47 
1.09 
0.54 
0.27 

% Removal(a) 

i n  ;:q 
71 
45 2.07 
68 11.6 
76 1 .86 
41 0.61 
54 0.91 
56 1.03 

0.31 

CWM Feed 

50 - 

32.6 
2.04 
11.6 
1.72 
0.70 
0.75 
1.07 
0.1 2 

% Removal(b) 
i n  Slag 

60 
75 
64 
65 
60 
74 
53 
67 
25 

94.05 95.91 99.49 99.30 1 
a Based on 70% s lag r e t e n t i o n  from Batch ' A '  CUM 
b Eased on 65% s lag  re ten t i on  from Batch ' C '  CWM 
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TABLE 6 

Comparison o f  Compositions between Deposited Material and Slag (a)  

Composition, wt .% Deposited Mater ia l  Slag 

51 .4 
29.5 
1.61 
12.0 
1.95 
0.66 
0.23 
0.98 
0.98 
0.31 
0.06 
0.04 
0.07 
0.13 
0.01 
0.05 
0.07 

52.3 
29.2 
1.53 
11.7 
1.79 
0.62 
0.22 
0.99 
0.96 
0.1 3 
0.07 
0.01 
0.07 
0.09 
0.01 
0.05 
0.1 9 

Soluble Salts, w t %  

0.014 0.010 
0.004 0.003 
0.01 2 0.01 2 

Na20 
K2 0 
so3 

j W eed 

ACKNOWLEDGEMENTS 

The work described i n  t h i s  paper was performed by Solar Turbines Incorporated 
under a program sponsored by DOE-Morgantown Energy Technology Center w i t h  Hr. 
Nelson F. Rekos, J r .  as Pro ject  Manager. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

L.K. Carpenter, F.W. Crouse, Jr., and J.S. Halow, "Coal-Fueled Turbines: 
Oesposition Research", ASME Paper No. 85-GT-213. 1985. 

R.W. Bryers, "The Impact o f  Segregated Mineral Matter on F i res ide  
Deposits", Proceedings o f  2nd Annual P i t tsburgh ,Coal Conference, Sept. 

E.J. Badin. "Coal Combustion Chemistry - Cor re la t i on  Aspects", E l sev ie r .  
New York, 1984, p. 184. 

A.R. Garman, G.A. Simons, and A.A. Boni, "Surrogate Fuel Exploratory  
Tests", DOE/MC/20486-1711, 1984. 

P.C. Malte, "Mechanisms and K i n e t i c s  o f  Po l l u tan t  Formation During 
Combustion", Washington State Un ive rs i t y ,  Thermal Energy Laboratory, 
Report No. 77-24, 1983. 

16-20, 1985, p. 695. 

391 



10. 

11. 

12. 

13. 

14. 

L. Robinson, "Doal Minerals A f fec t  Su l fu r  i n  Processing", Hydrocatbon 
Processing, Nov. 1978. p. 213. 

A. A t t a r ,  "Chemistry, Thermodynamics, and K ine t i cs  o f  Reactions o f  Sul fur  
i n  Coal-Gas Reactions: 

H.S. Muralidhara and J.T. Sears, "E f fec t  o f  Calcium on Gasi f icat ion" .  
Coal Processing Technology, Vol. 2, 1976, p. 22. 

J.C. Kramlich. P.C. Malte, and W;L. Grosshandler, "The Reaction o f  Fuel- 
S u l f u r  i n  Hydrocarbon Combustion , 18th In te rna t i ona l  Symposium on 
Combustion, Comb. I n s t i t u t e ,  151, 1981. 

J. Bet te lhe im and B.H.M. B i l lenge,  " I n d u s t r i a l  A i r  P o l l u t i o n  dandbook," 
(A.A. Parker. ed.), McGraw-Hill, London, 1978. 

L.A. Scandrett and R. C l i f t ,  "The Thermodynamics o f  A l k a l i  Removal from 
Coal-Derived Gases", J Ins t .  o f  Energ. x, 391, 1984. 

E. Raask, "Mineral Impur i t i es  i n  Coal Combustion", Hemisphere Pub. Corp., 
New York, 1986. p. 202. 

E.J. Badin. "Coal Combustion Chemistry - Cor re la t i on  Aspects", E lsev ier ,  
NY, 1984, p. 46 and p. 112. 

S.G. Kimura, " A l k a l i  Species Character izat ion f o r  Coal-Fueled Gas 
Turbine", F i n a l  Report, DE-AC21-85MC22164, 1986. 

A Review", Fuel, 51. 201, 1978. 

392 



393 

E 
.C 

a 
0 

P 
I- 

VI 

L 

0 v) 

a - 

N 



r t  

3,t t - 
3 

394 

4 



SOX Control In Fluid Catalytic Cracking 

2. C .  Mester, E.  J .  Aitken and P. G. R i t z  

Unocal, Division of Science and Technology, Brea, CA 92621 

Introduction 

Refineries today face a growing challenge t o  stay in compliance w i t h  the 
increasingly stringent envi ronmental regulations. In fluid catalytic cracking 
( F C C ) ,  which i s  the largest volume gasoline producing process, the main a i r  
pollutants are carbon monoxide, sulfur oxides (SOX), nitrogen oxides ( N O X ) ,  hydro- 
carbons and particulates.  

A t  high regenerator temperature operation SOX emissions represent the greatest  
problem, therefore SOX emission control i s  of primary importance. As an example, 
in California the current standard i s  60kg SO per lOOObbl feed which i s  less than 
half of the previous 130kg SO The EPA also proposed a 
90% SOX reduction for  FCC opeqations, b u t  t h i s  regulation i s  s t i l l  pending (1). 
The following options are available t o  the refinery to  control SOX emissions: 
selection of low sulfur feed, f lue gas  scrubbing, feed hydrotreating and ca ta ly t ic  
SOX reduction. The f i r s t  method i s  of limited use because low sulfur feeds a re  
not easily available. Flue gas  scrubbing i s  effective b u t  also capital intensive 
and  may pose liquid or solid waste disposal problems. Hydrotreating has the 
advantage o f  n o t  only reducing SOX b u t  improving liquid yields too. In the long 
r u n  th i s  process offers economic advantages, however the high in i t i a l  investment 
i s  a major drawback f o r  many refineries.  During the l a s t  few years ca ta ly t ic  SOX 
control emerged as a n  effective and economically a t t rac t ive  alternative t o  the 
above methods ( 2 ,  3, 4 ,  5) .  

SOX catalysts convert sulfur oxides, formed during coke burn-off in the 
regenerator, t o  solid sulfur containing species a n d  release them as hydrogen 
sulfide in the reactor. This step rejuvenates the catalyst  which i s  then 
recirculated t o  the regenerator and  the cycle i s  repeated. I n  the following we 
present results of o u r  investigation on the effectiveness of some SOX catalysts 
using TGA,  fluidized bed reactor a n d  in-situ infrared spectroscopy. 

Results 

The following materials were investigated fo r  SOX performance: alumina, rare earth 
oxide/alumina. and  rare earth oxide/alumina/cobalt oxide. The materials were 
f i r s t  evaluated by TGA analysis. The samples were exposed to a gas mixture 
containing 2000 ppm SO , 4% 0 and nitrogen. The weight gain of the samples were 
monitored as  a functibn of h e  temperature with a 10"C/min ramp between 25 - 
750°C. The materials were then cooled down t o  25°C under nitrogen; hydrogen was 
introduced and  the temperature was ramped as above. This adsorption-reduction 
cycle was repeated several times to  assure good reproducibility. Each sample 
started t o  adsorb SOX appreciably around 300'C. Percent weight gains a t  750'C 
were as follows: 2% for  alumina, and  5% for the other two samples. The 
adsorption curves fo r  the rare earth containing samples passed over a maximum 
around 650-700°C indicating decomposition beyond th i s  temperature range. I n  the 
reduction step the cobalt containing sample started to, reduce a t  the lowest 
temperature (5OO0C), followed by rare earth oxide/alumina and alumina (540°C). 

The next stage i n  evaluating SOX materials involved the use of a bench scale fluid 
bed reactor. I n  a typical experiment the sample (< 59) was fluidized by a mixture 
of SO (balance) a t  a temperature which corresponded t o  
FCC rggenerator tempeqatures (6?5O-75O0C). After a fixed length of reaction time 

per lOOObbl ?eed l imit .  

(2000 ppm) / 0 ( 3 % )  / N 
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(2  hrs) ,  the samples were analyzed f o r  s u l f u r .  The u n i t  can be used to  simulate 
the e n t i r e  c a t a l y t i c  cyc le  where the g e t t e r i n g  s tep  i s  fo l lowed by hydrogen 
reduction and steam i n j e c t i o n  a t  temperatures corresponding t o  those o f  t y p i c a l  
FCC operations. The SOX g e t t e r i n g  experiments a t  730°C showed t h a t  alumina was 
the weakest adsorber. The r a r e  earth/alumina and the coba l t  impregnated samples 
had about the same g e t t e r i n g  capacity, each adsorbed 2.5 times more s u l f u r  than 
alumina alone. When the SOX loaded mate r ia l s  were reduced i n  a f l ow  o f  hydrogen 
a t  540'C f o r  0.5 hrs, the coba l t  con ta in ing  sample regained 62% o f  i t s  o r i g i n a l  
ge t te r i ng  capaci ty ,  fo l lowed by alumina (55%) and r a r e  earth/alumina (40%). 

I n  order t o  assess t h e  r e l a t i v e  r a t e s  o f  SOX uptake and H reduction, i n - s i t u  
i n f ra red  experiments were conducted. o f  
surface s u l f a t e s  - by exposure o f  t he  ma te r ia l  t o  an SO (1500 ppm) / 0 
(balance) gas m ix tu re  - and the  e l im ina t i on  o f  the s u r K c e  su l fa tes  - gy exposuri 
t o  H - were fo l l owed  by moni tor ing the  appropr ia te band as a func t i on  of time. 
The SOX adsorpt ion s tep  took place a t  600°C and the H reduct ion was ca r r i ed  out  
a t  525OC. The sur face s u l f u r  ox ide species formgd on the ma te r ia l s  were 
predominantly su l fa tes .  For the ra re  ea r th  con ta in ing  samples ra re  ea r th  su l fa tes  
were detected as i q d i c a t e d  by the appearance o f  two broad bands centered a t  1125 
cm and 1050 cm- . However, s u l f i t e  species a l s o  formed on alumina, as 
eviqenced by a band a t  1040 cm-', i n  a d d i t i o n  t o  a s u l f a t e  l i k e  species (1370 
cm- ). The SOX g e t t e r i n g  ra te ,  measured by the increase i n  i n t e n s i t y  o f  the 
surface S-0 s t r e t c h i n g  v i b r a t i o n a l  bands, was dependent upon the composition o f  
the ma te r ia l s .  For  alumina the adsorpt ion r a t e  decreased d r a s t i c a l l y  a f t e r  
approximately 8 min o f  SO exposure i n d i c a t i n g  t h a t  maximum g e t t e r i n g  capaci ty  was 
being reached. The g e t t h i n g  ra tes  (normalized adsorpt ion i n t e n s i t y  per minute) 
i n  the f i r s t  8 min o f  exposure were: 0.0035 f o r  the s u l f a t e  band and 0.0045 f o r  
the s u l f i t e  band o f  alumina; 0.016 f o r  the r a r e  ea r th  oxide/alumina and rare ea r th  
oxide/alumina/cobal t oxide samples. During the  hydrogen reduct ion step the t ime 
requi red t o  reduce the  band i n t e n s i t y  t o  50% o f  the i n t e n s i t y  p r i o r  t o  hydrogen 
exposure decreased i n  the order :  12 min ( s u l f a t e  band f o r  alumina), 9 min ( s u l f i t e  
band f o r  alumina), 9 min ( s u l f a t e  band f o r  r a r e  e a r t h  oxide/alumina) and 2 min 
( s u l f a t e  band f o r  r a r e  ear th  oxide/alumina/cobal t ox ide) .  

Conclusions 

TGA proved t o  be a usefu l  method t o  reveal  the SOX g e t t e r i n g  po ten t i a l  and 
r e g e n e r a b i l i t y  o f  the ma te r ia l s  i n  a wide temperature range. The f l u i d  bed 
experiments were usefu l  i n  evaluat ing the ma te r ia l s  under more r e a l i s t i c  
condi t ions r e l a t e d  t o  FCC operations. The i n f r a r e d  study helped t o  es tab l i sh  the 
r e l a t i v e  r a t e s  o f  SOX g e t t e r i n g  and reduct ions by hydrogen. The r e s u l t s  showed 
t h a t  t he  r a r e  e a r t h  con ta in ing  ma te r ia l s  were super io r  t o  alumina i n  SOX 
ge t te r i ng .  I t  was a l s o  shown t h a t  coba l t  had an acce le ra t i ng  e f f e c t  i n  res to r ing  
c a t a l y s t  a c t i v i t y .  
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CATALYTIC SOX ABATEMENT OF FCC FLUE GASES 

Alak A. Bhattacharyya, Gerald M. Woltermann, Jin S. Yoo(l), 
John A. Karch, and William E. Cormier 

Katalistiks International Inc., 4 8 1 0  Seton Drive, 
Baltimore, Maryland 21215 

ABSTRACT 

A cerium containing magnesium aluminate spinel catalyst is usedLas 
a SOX emission reducing catalyst in the hydrocarbon cracking catalyst 
regeneration zone. In the regeneration zone this catalyst oxidizes the 
SO2 to SO3 and chemisorbs it as sulfate and releases it as H2S when it 
enters the reactor zone. All FCC units are equipped to handle the H 2 S  
that comes out of the reactor. This paper will discuss some of the 
materials, such as the cerium containing spinels, that were examined as 
potential SOX catalysts for FCC units and how they were tested for their 
ability to remove SOX under conditions prevalent in modern FCC units. 

INTRODUCTION 

Sulfur oxide emissions (SOX = SO2 + SO3) from fluid catalytic 
cracking units (FCCU) are increasingly becoming the target of EPA and 
local regulations ( 2 ) .  The removal of such pollutants from FCC units 
has been the subject of a considerable amount of attention over the past 
few years. The amount of SOX emitted from a FCC unit regenerator is a 
function of the quantity of sulfur in the feed, coke yield, and conver- 
sion. Generally, 4 5 %  to 55% of feed sulfur is converted to H2S in the 
FCC reactor, 35% to 4 5 %  remains in the liquid products, and about 5 - 
10% is deposited on the catalyst in the coke ( 3 ) .  It is this sulfur in 
the coke which is oxidized to SO2 (90%) and SO3 ( 1 0 % )  in the FCC 
regenerator. 

S (in coke) + 02+ SO2 + SO3 1) 

Flue gas scrubbing and feedstock hydrodesulfurization are effective 
means of SOX control but are laborious and cost intensive. The least 
costly alternative is the use of a SOX reduction catalyst as an additive 
to the FCCU catalyst inventory. Designing a catalyst for removal of Sox 
in a fluid catalyst cracking unit is a challenging problem. One must 
come up with a particle that will: 1) oxidize SO2 to SO3, 2 )  chemisorb 
the SOg, and 3)  be able to release it as HIS as it enters the reactor 
side of the unit. Another obstacle is the fact that most metals that 
are in the chemists' repertoire for oxidation or reduction reactions are 
poisons in the catalytic cracking regime. This paper will discuss some 
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of the materials that were examined as potential SOX catalysts to remove 
SOX under conditions prevalent in FCC units. 

EXPERIMENTAL 

Pseudo boehmite alumina (Condea Chemie), high surface area magne- 
sium oxide (C.E. Basic) and Ce(N03)3.6H20 (Molycorp) were used as 
received. 

Preparation of CeO /A1203: 
impregnated wit! a solution containing 42.9 g of 70% Ce(N03)3.6H20 (Ce02 
coment 28.7%) and 40 g water. This material was dried at 12OoC for 3h 
and calcined at 7OO0C for lh. Surface area of the catalyst was measured 
to be 180 m2/g. 

Preparation of Ce02/MgO: A high surface area Magnesium oxide (87.7 9) 
was impregnated with a solution containing 42.9 g of 70% Ce(N03)3.6H20 
(Ce02 content 28.7%) and 35 g water. This material was dried 
for 3h and calcined at 7OO0C for lh. Surface area of the catalyst was 
measured to be 75 m 2 / g .  

Preparation of Ce02/Mg2A1205: 
prepared by using required amounts of Mg(N03)2 and NaA102 as per 
literature procedure (4-6). A portion (87.7 g) of this material was 
impregnated with a solution containing 42.9 g of 70% Ce(N03)3.6H20 (Ce02 
content 28.7%) and 40 g water. 
and calcined at 7OO0C for lh. 
measured to be 140 m /g. 

Thermal studies: Themogravimetric studies were used for the testing of 
the materials. This was accomplished by placing a small amount (5 - 25 
mg) of virgin sample on a quartz pan and passing a desired gas. 
experiment was divided into four zones: 

Zone A: Under N2, the sample was slowly 
This takes about 35 min. 

Zone B: Nitrogen was replaced by a gas containing 0.32% SO2, 2.0% 02, 
and balance N2. 
Constant at 70OoC. 

A pseudo boehmite alumina (87.7 g) was 2 

at 12OoF 

A solid solution spinel Mg2A1205 was 

This material was dried at 12OoC for 3h 
The surface area of the catalyst was 

2 

The 

(20°C/min.) heated to 70OoC. 

The flow rate was 200 ml/min. The temperature was kept 
This condition was maintained for 30 min. 

Zone C: 
Temperature was reduced to 65OOC. 

Zone D. 
maintained for 20 min. 

Passage of SO2 containing gas was ceased and replaced by N2. 

Nitrogen was replaced by pure H2. 

This is a 15 min. time zone. 

This condition was 
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Fluidized bed test: A one inch diameter quartz reactor heated by a tube 
furnace was connected to a gas manifold. Reactor temperature was 
controlled by a temperature controller with a thermocouple in the middle 
of the fluidized catalyst bed. A schematic diagram is shown in Figure 
5. A blend of DeSOx catalyst in equilibrium FCC catalyst was made such 
that the concentration of DeSOx catalyst was 1.5 weight per cent. 

15 grams of this blend was charged into a quartz reactor. The blend was 
cycled as described below. 

a. 
b. 

C. 

d. 

e. 
f. 

g. 

a. 

b. 

C. 

d. 

SOX Pickup Side of Cycle 

The blend was heated to 732OC in flowing N 2 .  
At 732'C N2 was discontinued, and 5.9% O2 was allowed to pass 
through the bed for 4 minutes. 
Then 1.5% SO2 was introduced along with the air for a 15 minute 
period at 732OC. Approximately 105-115 rng SO2 was delivered 
during the test. The reactor effluent was trapped in a peroxide 
trap. 
After 15 minutes of test with SO?, the SO2 flow was stopped, but 
the oxygen remains on for an additional 4 minutes. 
Oxygen was replaced with nitrogen for ten minutes at 732OC. 
The catalyst bed was cooled under flowing nitrogen for about 30 
minutes. 
The peroxide trap was disconnected and worked up as per EPA test 
no. 6. 

H2 Reduction Side of Cycle 

The blend was flushed with N2 and brought to a temperature of 
732OC. 
At 732OC the N2 was shut off, and the catalyst subjected to 100% 
H2 -for 5 minutes. 
trap. 
The system was flushed with N2 at 732OC for 10 minutes, then 
cooled under flowing N 2 .  
Sulfur analysis of the trap determined the amount of sulfur- 
removed with each H2 treatment. 

The reactor effluent was captured in a 1M NaOH 

RESULTS AND DISCUSSION: 

The sulfur in the coke is mainly oxidized (7) to SO2 (equation 1). 
sulfur dioxide should be further oxidized to SO3 (equation 2) so that it 
can be reactive ( 8 )  towards metal oxides to form sulfate (equation 3 ) .  

2SO2 i o2 = 2SO3 2) 

SO3 i MO = MS04 3) 
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i As t h e  o p e r a t i o n a l  t empera tu re  o f  t h e  r e g e n e r a t o r  is inc reased  t h e  
formation o f  SO3 is less favored  ( 7 ) .  
SO3 ( equa t ion  2) is -9.5 KJ/g-mole a t  675 C and -4.4 KJ/g-mole a t  73OoC. 
The r e g e n e r a t o r  t e m p e r a t u r e  of a n  FCC u n i t  is between 650 t o  775OC. 
Ca ta lyz ing  r e a c t i o n  2 is one of t h e  major f u n c t i o n s  of  a SOX c a t a l y s t .  
Equat ion 3 r e p r e s e n t s  t h e  c a p t u r e  o f  SO3 i n  the r e g e n e r a t o r  by t h e  
c a t a l y s t .  The c a t a l y s t  t h e n  moves t o  t h e  FCCU reactor where t h e  s u l f a t e  
i s  reduced by hydrogen and o t h e r  r educ ing  g a s e s  t o  metal o x i d e  
( equa t ion  4 )  o r  m e t a l  s u l f i d e  ( e q u a t i o n  5 ) .  

The f r e e  energy of fo rma t ion  of  

and H2S 

M S 0 4  + 4H2 = MO + H 2 S  i 3H20 4 )  

M S O ~  + 4n2 = MS + 4 ~ ~ 0  5)  

Metal s u l f i d e  can  be  hydrolyzed i n  t h e  s t r i p p e r  t o  form the o r i g i n a l  
metal o x i d e  ( e q u a t i o n  6 ) .  

MS + n20 = MO + H ~ S  6) 

T h i s  g e n e r a l l y  accep ted  mechanism (3 ,9-12)  and a schematic diagram o f  an 
FCCU is shown i n  F i g u r e  1. A SOX r e d u c t i o n  c a t a l y s t ,  t h u s ,  h a s  t h r e e  
func t ions :  o x i d a t i o n ,  chemiso rp t ion ,  and r e d u c t i v e  decomposition. 
Vanadium p e n t o x i d e  (13) is a n  e x c e l l e n t  o x i d a t i o n  c a t a l y s t  and is spe-  
c i a l l y  u s e f u l  fo r  t h e  o x i d a t i o n  of SO2 t o  SO3. 
used i n  an FCC u n i t  because it r e a c t s  w i th  z e o l i t e s  p r e s e n t  i n  an  FCC 
ca ta lys t .  Our l a b o r a t o r y  experiments  i n d i c a t e  t h a t  p l a t inum can b e  used 
f o r  t h i s  purpose ( 4 ) ,  b u t  it is expensive and is n o t  ve ry  e f f e c t i v e  
unde r  a c t u a l  FCC r e g e n e r a t o r  c o n d i t i o n s  ( 1 4 ) .  I r o n  ox ides  are a l s o  ve ry  
e f f e c t i v e  o x i d a t i o n  c a t a l y s t s  b u t  i r o n  enhances t h e  formation of  coke 
and un favorab ly  changes t h e  p roduc t  d i s t r i b u t i o n .  Our tests w i t h  i r o n  
c o n t a i n i n g  c a t a l y s t s  c l e a r l y  i n d i c a t e  t h a t  more coke is formed c a u s i n g  
more than  normal SO2 g e n e r a t i o n  i n  t h e  r e g e n e r a t o r .  Cerium d i o x i d e  can 
b e  used f o r  t h e  o x i d a t i o n  of SO2. W e  have found t h a t  under  FCC condi-  
t i o n s  Ce02  is a n  e x c e l l e n t  o x i d a t i o n  c a t a l y s t  ( equa t ion  7) and it regen- 
e r a t e s  q u i c k l y  unde r  oxygen ( equa t ion  8 ) .  An FCC r e g e n e r a t o r  c o n t a i n s  1 
t o  3% oxygen. 

However, V 0 canno t  be 
2 5  

Ce203 2 C e 0 2  + SO2 = SO3 + 

C e 2 0 3  + 1 / 2 0 2  = 2Ce02 

Once t h e  S O 3  is formed, it h a s  t o  be  chemisorbed by t h e  c a t a l y s t .  
Alumina can be used  f o r  t h i s  purpose t o  form A 1 2 ( S 0 4 ) 3  ( equa t ion  9 ) .  

A 1 2 0 3  + 3 S 0 3  = A12(S04)3 
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2 One of the catalysts that was tested by us and others (15) is Ceo 
on gamma alumina. This can be conveniently prepared by impregnating 
gamma alumina with Ce(N03)3.6H20 solution followed by drying and calcin- 
ing at 73OoC for 3h. The amount of Ce02 was 12.3%. 
starts to decompose at 58OoC (16). Hence one disadvantage of using this 
catalyst is the fact that any FCC regenerator operating at a temperature 
higher than 6OO0C should have some decomposition of A12 (SO4) 
reaction of equation 9). A thermogravimetric analysis (TGA) of this 
catalyst is reported in Figure 2. The catalyst was first preheated to 
7OO0C under N2 (zone A ) .  
of SO2, 2.0 % O2 and balance N2 at a flow rate of 200 mL/min.(zone B). 
The weight gain of 5.5% indicated in 
formed (reaction 7) and absorbed (reaction 9) to form the A12(S04)3. 
The TGA indicates that only 2.5% of all the available A1203 is involved 
in picking up SO3 during the first 15 min. period. 
called SO2 oxidation and absorption index (SOAI)(17). 
for this catalyst is very low when compared to other catalysts described 
in this paper. The activity decreases considerably during the second 15 
min. period. 
ceased and replaced by pure N2. 
dropped to 650°C to mimic the FCC conditions. 
this temperature the A12(S04)3 is thermally unstable and releases some 
of the SO3 it absorbed in zone 2. However, once the sulfate is formed 
alumina is regenerated under H2 fairly easily because aluminum sulfate 
reduces at 400 to 7OO0C, which is in the FCC reactor temperature range 
(equation 10). Figure 2, zone D, is indicative of an efficient 
reduction of A12(S04)3 to A1203 (equation 10). Alumina is regenerated 
in about 2 min. 

Aluminum sulfate 

(backward 

Then it was exposed to a gas containing 0.32% 

figure 2 is the amount of SO3 

This number is 
The SOAI of 2.5 

Zone C is when the passage of SO2 containing gas was 
At this point the temperature was 

TGA clearly shows that at 

A12(S04)3 + 12H2 = A1203 + 3H2S + 9H20 10) 

The low SOAI and the thermal instability of the sulfate under FCC 
conditions clearly indicate that Ce02 in gamma alumina is not a very 
effective DeSOx catalyst. 

A catalyst was prepared by-impregnating MgO with cerium nitrate 
solution. 
on MgO. 
would be more reactive towards S O 3 .  

3 .  
(zone B). 
SOAI of this catalyst is 8.7 which indicates that the SO3 absorptivity 
of Ce02/Mg0 catalyst is 3.5 times higher than the corresponding alumina 
catalyst during the first 15 min. Linearity of the absorption plot 
(zone B) indicates that the absorption during the second 15 min. is as 
efficient as the first 15 min. When the passage of the SO2 containing 

The composition of the final calcined catalyst was 12.3% Ce02 
Since MgO is much more basic than A1203 it was hoped that it 

A TGA analysis is shown in Figure 
The catalyst gains 28.5% weight in 30 min. due to SO3 absorption 

The This is 5.2 times more than the Ce02/A1203 catalyst. 
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g a s  was ceased  and  r e p l a c e d  by d r y  N2 (zone C ) ,  u n l i k e  C e 0 2 / A 1 2 0 3  c a t a -  
l y s t ,  t h i s  material d i d  n o t  l o s e  any weight  i n d i c a t i n g  t h e  the rma l  s t a -  
b i l i t y  o f  t h e  MgS04. 
below 78OoC ( 1 6 ) .  
D ) ,  however, t h e  MgO can  n o t  be r egene ra t ed  a s  e f f i c i e n t l y  as the 
alumina c a t a l y s t .  About 7 .7% of  t h e  absorbed m a t e r i a l  s t i l l  remains 
wi th  t h e  c a t a l y s t  even a f t e r  20  min. of H2 r e d u c t i o n ,  p o s s i b l y  as MgS or 
unreduced MgS04. F a s t  d e a c t i v a t i o n  of t h i s  catalyst  is one o f  t h e  major 
r easons  why Ce02/Mg0 w a s  n o t  cons ide red  as  a p o t e n t i a l  DeSOx c a t a l y s t  
f o r  FCC u n i t s .  

Magnesium s u l f a t e  is n o t  expec ted  t o  decompose 
Under H2, t h e  s u l f a t e  formed r educes  a t  65OoC (zone I 

The h i g h e r  r e a c t i v i t y  of  MgO prompted u s  t o  look  f o r  a compound 
t h a t  was more t h e r m a l l y  s t a b l e .  Magnesium a l u m i n a t e  s p i n e l s  such  a s  
MgA1204  or M g 2 A 1 2 0 5  were t h e  ones w e  s e l e c t e d .  
s o l u t i o n  of pu re  s p i n e l  (MgA1204) and MgO. 
n o t  d e s t r o y  t h e  s p i n e l  framework. These s p i n e l s  c a n  b e  p repa red  by t h e  
c a l c i n a t i o n  o f  Mg,A1 doub le  hydroxides ,  formed by t h e  r e a c t i o n  o f  
M g ( N 0 3 ) 2  and NaA102 a t  pH 8.5 t o  9 . 5 .  (4-6). 
based on a c u b i c  c l o s e  packed a r r a y  of  o x i d e  i o n s .  T y p i c a l l y ,  t h e  c rys -  
t a l l o g r a p h i c  u n i t  cel l  c o n t a i n s  32 oxygen atoms; one  e i g h t h  o f  t h e  
t e t r a h e d r a l  h o l e s  (of  which t h e r e  are t w o  p e r  an ion )  a r e  occupied by  the 
d i v a l e n t  metal i o n  ( M g 2 + ) ,  and one-half  o f  t h e  o c t a h e d r a l  h o l e s  (of 
which t h e r e  i s  one  p e r  an ion )  are occupied by t h e  t r i v a l e n t  metal i o n  

The l a t t e r  is a s o l i d  
Such a s o l i d  s o l u t i o n  does  

The s p i n e l  s t r u c t u r e  i s  

 AI^+). 

A c a t a l y s t  p r e p a r e d  by t h e  impregnat ion o f  Mg2A1205 w i t h  C e ( N 0 3 ) j  
w a s  t e s t e d  f o r  SOX removal a c t i v i t y .  The f i n a l  composi t ion w a s  12.3% 
C e 0 2  on Mg2A1205. A TGA a n a l y s i s  o f  t h i s  material is r e p o r t e d  i n  F igu re  
4 .  During p r e h e a t i n g  (zone A) t h e  material deso rbed  7.6% mois tu re .  
T h i s  m a t e r i a l  g a i n s  23.3% weight  by t h e  a b s o r p t i o n  of SO3 which is  about  
the same a s  t h e  Ce02/Mg0 c a t a l y s t .  The SOAI o f  t h i s  material is 17 
i n d i c a t i n g  t h a t  t h i s  c a t a l y s t  is 6.8 t i m e s  more a c t i v e  t h a n  t h e  
C e 0 2 / A 1 .  0 c a t a l y s t .  
a l u m i n a . 1 ~  n e g l i g i b l e  and MgO is an extremely e f f i c i e n t  SO3 abso rb ing  
agen t .  T h i s  i n d i c a t e s  t h a t  i n  a s p i n e l  it is  t h e  MgO s t r u c t u r a l  
fragment t h a t  is r e a c t i n g  w i t h  t h e  SO3 and o u r  SOAI c a l c u l a t i o n q  f o r  
S p i n e l  c a t a l y s t s  are based on t h i s  concept .  
c o n t a i n i n g  c a t a l y s t  is about  twice t h a t  of  t h e  C e 0 2 /  MgO c a t a l y s t .  
i n d i c a t e s  t h a t  t h e  a b s o r p t i o n  a c t i v i t y  of  M g O  i n  s p i n e l  is much h i g h e r  
t h a n  t h a t  of pu re  MgO, p o s s i b l y  due t o  t h e  d i s p e r s i o n  o f  MgO i n  t h e  
Sp ine l .  L i n e a r i t y  of  t h e  a b s o r p t i o n  p l o t  ( zone  B)  i n d i c a t e s  t h a t  the  
a b s o r p t i o n  i n  t h e  second 15 min. p e r i o d  i s  as e f f i c i e n t  as t h e  first 15 
min. p e r i o d .  
r ep laced  by p u r e  N2 (zone C) no weight  loss w a s  observed.  
cates t h a t  i n  zone B on ly  MgS04 i s  formed a l t h o u g h  t h i s  c a t a l y s t  h a s  
.near ly  50% alumina.  
a t e s  e f f i c i e n t l y  unde r  H~ (zone D). 

W e  have p r e v i o u s l y  s e e n  t h a t  SO3 a b s o r p t i o n  by 
2.3 

The SOA1,of t h e  s p i n e l  
Th i s  

When t h e  pas sage  o f  SO2 c o n t a i n i n g  gas was ceased  and 
T h i s  i n d i -  

Un l ike  t h e  Ce02/Mg0 c a t a l y s t  t h i s  c a t a l y s t  regener-  
The c a t a l y s t  completely r e g e n e r a t e s  
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in twenty minutes of H3 reduction. 
longer than that experienced in an actual FCC unit, it can be used to 
compare potential catalysts. It is clear, if we compare Figures 3 and 
4 ,  that MgS04 reduces much more efficiently in a spinel catalyst 
compared to pure MgO. This may be due to the fact that MgO in a spinel 
matrix is more sterically hindered than in a magnesia unit cell. 
fore, any sulfate formed whose decomposition would relieve the steric 
strain is favored, i.e. the decomposition of a sulfated spinel is 
thermodynamically more favorable than the decomposition of a sulfated 
magnesia sample. 

Although this reduction time is much 

There- 

Since we realized that a cerium containing magnesium aluminate spinel 
is the most efficient DeSOx catalyst that we have tested, a laboratory 
scale fixed fluidized bed reactor system was set-up (figure 5 ) .  Absorp- 
tion and reduction half-cycles are repeated as described in figure 6 to 
mimic FCC units. Our system used a one inch diameter quartz reactor 
that was connected to a gas manifold so that the catalyst could be 
subjected to different gas mixtures. Reactor temperature was controlled 
by a controller with a thermocouple in the middle of the fluidized cata- 
lyst bed. In most cases a blend of DeSOx catalyst in equilibrium cata- 
lyst was made, then subjected to a 76OoC, 6 hour steaming treatment, and 
finally tested for SOX pickup. The gas stream was analyzed by absorbing 
the exit gas in a H202 trap over a period of time, and then using the 
EPA 6 method for determining S O 2 .  The gas stream could also be analyzed 
instantaneously by an IR analyzer as long as care was taken to remove 
any SOj  from the gas stream. 
subjected to a reduction with either hydrogen or propane and followed by 
another SOX pickup. This cycle could be repeated several times to see 
the effect of adding and removing sulfur to a potential DeSOX catalyst. 
By adding solenoid controls to the gas lines and a microprocessor the 
whole system was eventually computerized so that constant monitoring by 
an individual was not necessary and runs could be made overnight. 

In most cases, the sulfated sample was 

Results obtained from fluidized bed tests are reported in Tables 1 
and 2 .  Tables 1 and 2 represent the results obtained from virgin cata- 
lyst and a steam deactivated (76OoC, 6h, 100% steam) catalyst, respec- 
tively. The amount of sulfur picked up was calculated by difference 
between the amount delivered and the amount found in the trap. The 
amount of sulfur removed was determined by gravimetric analysis of the 
contents of the NaOH traps. 
wt% in FCC catalyst. The Tables 1 and 2 indicate that steaming only 
causes a very minor deactivation. Nearly 90% of the fresh activity is 
retained even after steaming. Moreover, this catalyst picks up Sulfur 
nearly half of its theoretical maximum in 15 min. indicating very high 

The concentration of DeSOx catalyst was 1.5 

403 



activity. A mechanism of SOX reduction showing the catalytic cycle is 
illustrated in Figure 7. This cycle is given to describe the catalytic 
nature of the DeSOx components. In the figure, the catalyst 
Ce02/Mg2A1205 is represented by its active cites, namely CeO 

CONCLUSION 

and M 0 
ni+ &* 

A cerium containing magnesium aluminate spinel material was found 
to be the most effective DeSOx catalyst that we have studied. This 
spinel based catalyst was commercialized and is recognized as the 
leading DeSOx catalyst for FCC units. 
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T a b l e  1 

S u l f u r  P i c k e d  Up And Removed a t  732OC 
On V i r g i n  12.31 Ce02  On Hg2A1 0 2 5  

SOX P i c k u p  -E2-Reduc t i o n  

First C y c l e  

S e c o n d  C y c l e  

T h i r d  C y c l e  

Fourth C y c l e  

F i f t h  C y c l e  

S i x t h  C y c l e  

Hg Sulfur Hg Sulfur 
T h e o r i t i c a l  P i c k e d  Up 
Haximum 

79 4 4  

4 2  

39 

3 7  

3 a  

37 

T a b l e  2 

Sulfur P i c k e d  Up And Removed A t  7 3 2 O C  
On S t e a m e d  12.3% CeOZ On Hg2A1205 

SOX Pickup-E2-Reduc  t i o n  

F i r s t  C y c l e  

S e c o n d  C y c l e  

T h i r d  C y c l e  

F o u r t h  C y c l e  

F i f t h  C y c l e  

Hg S u l f u r  
Removed 

4 5  

4 4  

39 

37 

4 0  

- 

Hg S u l f u r  Hg S u l f u r  Hg Sulfur 
T h e o r i t i c a l  P i c k e d  Up Removed 
H a x i m u m  

79 39 38 

36 36 

3 4  35 

31 3 5  

2 a  - 
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Figure 5 

A Labocatocy Scale Fired Fluidized Bed Reactoc System 
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Figure 6 
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Agglomeration of Athabasca Petroleum Cokes i n  t h e  
Presence of Various Addit ives  a s  as means of Reducing 

Su l fu r  Emissions during Combustion. 

Abdul Majid. V.P. Clancy and Bryan D. Sparks 

Divis ion of Chemiatry, 
Nat ional  Research Council of Canada 

O t t a w a ,  Ontar io  K1A OR9 

The r e l a t i v e l y  h igh  s u l f u r  content of coke produced 
Athabasca bitumen, makes it environmentally unsu i t ab le  aa a f u e l .  We have 
attempted t o  coagglomerate these cokes with sulphur  d iox ide  cap tu re  agents  
such as: l ime. hydrated lime and limestone i n  an at tempt  t o  reduce 
emissions during combustion. By providing an environment where t h e r e  is 
i n t i m a t e  con tac t  between f u e l  and sorbent  it was hoped t h a t  g r e a t e r  u t i l i s a -  
t i o n  of the so rben t  could be achieved, compared t o  f l u i d  bed combustion, 
where t h e  so rben t  is added sepa ra t e ly  t o  the  bed. Cokes from both Suncor 
and Syncrude ope ra t ions  were used in t h i s  i nves t iga t ion .  The e f f e c t  of 
condi t ioning agents  such as sodium hydroxide,  sodium o l e a t e ,  and a petroleum 
s u l f o n a t e  on t h e  formation of coke oil agglomerates as wel l  a s  on the  
e f f i c i e n c y  of s u l f u r  dioxide cap tu re  w a s  a l s o  inves t iga t ed .  Su l fu r  dioxide 
capture  was found t o  depend mainly on t h e  calcium t o  s u l f u r  mole r a t i o  i n  
t h e  agglomerates ,  t h e  combustion temperature,  p a r t i a l  p re s su re  of oxygen, 
and t h e  type of coke and sorbent .  The e f f i c i e n c y  of t he  th ree  cap tu re  
agen t s  i n  t h e  reduct ion of s u l f u r  dioxide emissions,  has  been compared. 

Upgrading of Athabasca o i l  sands bitumen t o  form a s y n t h e t i c  crude oil produces a 
s o l i d  carbonaceous ma te r i a l ,  known as "Coke". The two commercial o i l  sands p l a n t s  
operat ing i n  Alberta  produce approximately 4,000 t ons  of coke pe r  day k]. 
con ta ins  6 4 %  s u l f u r  almost e n t i r e l y  i n  the  form of organic  s u l f u r  compounds such a s  
thiophenes,  s u l f i d e s .  d i s u l f i d e s  and t h i o l s  [?I. 
co r ros ion  problems a s soc ia t ed  with the  combustion of t h i s  coke, its use  a s  a b o i l e r  
f u e l  is l imi t ed  and a s i g n i f i c a n t  po r t ion  of the coke is being s tockp i l ed  as a waste 
product. However, o i l  sands coke with a c a l o r i f i c  value of about 33 KJ/Kg k] would 
be an a t t r a c t i v e  b o i l e r  f u e l  i f  i t  could be desu l fu r i zed  economically. 

Although considerable  work has  been done on va r ious  methods of desu l fu r i z ing  
coal and c o a l  cha r s ,  comparatively few s t u d i e s  appear i n  the  l i t e r a t u r e  on t h e  
d e s u l f u r i z a t i o n  of petroleum coke, p a r t i c u l a r l y  coke der ived from Athabasca oil sand 
bitumen. There have been some at tempts  at  d e s u l f u r i z a t i o n  of t hese  cokes employing 
such methods as hydrodesu l fu r i za t ion ,  combustion with l imestone add i t ion ,  impregnation 
with high base load ings  followed by c a l c i n a t i o n  i n  an i n e r t  atmosphere and subsequent 
leaching,  chemical ox ida t ion ,  and so lven t  e x t r a c t i o n  m]. 
methods a r e  s a i d  to be uneconomical [L]. Fluidized-bed combustion of coal  i n  t h e  
presence of l imestone is emerging aa a promising technology t h a t  can achieve high 
combustion e f f i c i e n c y  with s i g n i f i c a n t l y  reduced sulfur d iox ide  emissions k]. 
disadvantage of t h e  process  is t he  high calcium t o  s u l f u r  mole ratios required f o r  
acceptable  r educ t ions  i n  s u l f u r  dioxide emissions.  For example, using l imestone as a 
s u l f u r  so rben t  i n  a f l u i d i z e d  bed f o r  Suncor delayed coking coke, a Ca/S r a t i o  of 3 : l  
was required t o  achieve 80% reduct ion i n  SO2 emissions [I]. 

The o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  was t o  develop an  economically 
a t t r a c t i v e  method by which t h e  oil sands coke may be u t i l i z e d  d i r e c t l y  as a b o i l e r  
f u e l  without s e r i o u s  environmental  damage. 
r epor t s  regarding t h e  coagglomeration of coa l ,  coke or char  with s u l f u r  sorbents .  
present  program w a s  designed t o  study the f e a s i b i l i t y  of co-agglomerating s u l f u r  
cap tu re  agen t s  such a s  l imestone,  l ime and s laked l ime with o i l  sands bitumen coke as 
a means of i nc reas ing  t h e  u t i l i s a t i o n  of t hese  agen t s  during s u l f u r  dioxide removal on 
combustion. 
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Experimental Methods 
Mater ia ls .  
from the Alberta  Research Council sample bank. The coke w a s  ground t o  150 vn~ s i z e  
us ing  a Brinkman 2151 Cent r i fuga l  Grinding M i l l .  The composition and C a l o r i f i c  va lue  
of t hese  samples a r e  l i s t e d  i n  Table I. 

Suncor delayed coking coke and Syncrude f l u i d  coke samples were ob ta ined  

TABLE I . 
Composition and Physical  Data f o r  Cokes 

Proximate Analysis* (Dry Basis) 
Ash 
Vola t i l e  Matter 
Fixed Carbon 

Carbon 
Hydrogen 
Nitrogen 
Sulfur  

Ash 

Ultimate Analysis (Dry Basis) 

Oxygen 

C a l o r i f i c  Value* N/Kg 

Suncor Delayed 
Coke I 

6 .O 
11.6 
82 .4  

8 3 . 0  
3.4 
1.5 
5.9 
2.9 
3.4 

33.4 

I S p c r u d e  
Fluid Coke 

6.9 
4 .4  
8.0 

32.6 
~~~~ 

* Alberta  Research Council (Fuel Sciences Divis ion)  

Bridging l i q u i d  used f o r  agglomeration of coke p a r t i c l e s  w a s  a sample of 
bitumen obtained from the  Alberta  Research Council sample bank. This was 8 sample of 
coker feed bitumen from Suncor, prepared f o r  u se  i n  a round robin s tudy  of bitumen 
analyses  [7]. 
l imestone, l i m e  and slaked l i m e .  The sample of l imestone used was  pulver ized 
a g r i c u l t u r a l  l imestone (Domtar). It contained approximately 97% CaC03. A p a r t i a l  
s i z e  d i s t r i b u t i o n  of t h i s  sample is given in Table 11. 
CaO sample. 

obtained from Witco Chemicals Corporation. 

A number of s u l f u r  dioxide capture  agents  were t r i e d  including:  

Lime w a s  a l abora to ry  grade 
Various samples of s laked lime were prepared as shown i n  Table 111. 

Petroleum su l fona te  (TRS-10-80), used as a condi t ioning agen t ,  was 

TABLE I1 
Size Di s t r ibu t ion  of Limestone 

I I Cumulative Weight Percent  I Sieve (Pm) Size . Passing 

6 7 . 0  
7 4 . 7  
91 .8  i 44  

7 4  
[ 5 3  

Procedure. 
dispersed i n  100 ml of t a p  water  contained i n  a Waring Blendor. 
of a condi t ioning agent was then added and t h e  con ten t s  a g i t a t e d  a t  250 rps  f o r  15 
seconds. A t  t h i s  s t a g e  t h e  blending speed was lowered t o  120 rps .  Bitumen was added 
slowly while  cont inuing blending u n t i l  d i s c r e t e  agglomerates o r  a u n i t a r y  phase was 
obtained (5-15 minutes).  
aqueous phase by screening.  
bitumen. coke,and a sh  content  using a procedure descr ibed elsewhere E]. 
port ion of t he  agglomerates was d r i ed  at  I00"C t o  a constant  weight. 

20 g of coke w a s  mixed wi th  known amounts of sorbent  and t h e  mixture  
An appropr i a t e  amount 

. 
Coke o i l  agglomerates/oi l  phase were then separated from the 

A po r t ion  of t h e  agglomerates were used f o r  ana lys i s  of 
The second 
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TABLE I11 
Experimental  Conditions f o r  Various Hydrated Lime Sample P repa ra t ion  

Laboratory grade CaO was mixed with d i s t i l l e d  water in 
t h e  r a t i o  of l :4 'and then a i r  d r i ed  a t  90". 
20 g of CaO was mixed with EO g of d i s t i l l e d  water  and 
740 m l  of isopropyl  a lcohol .  'Ihe s l u r r y  waa then dr ied 
a t  90°C on a r o t a r y  evaporator  under vacuum. 
Same as above, except t h e  excess l i q u i d  was removed 
under atmospheric pressure a t  9OOC. 
10 g of CaO was mixed with 40 g of 0.5% aqueous s o l u t i o n  
of aodium s u l f o n a t e  (Witco TRS-10-80) and 370 m l  of 
isopropyl  a lcohol .  
and then d r i ed  on a r o t a r y  evaporator  a t  90°C under 
vacuum. 
Same as above, except t h e  excesa l i q u i d  was removed 
under atmospheric pressure a t  90'C. 
Same a8 sample 1 except t h a t  t h e  sample was f r e e z e  
dr ied.  
Same a s  sample 1 except t h a t  t h e  sample was d r i ed  in a 
vacuum oven a t  90°C. 

Contents were mixed i n t o  a s l u r r y  

Combustion of O i l  AgglomeratesIOil  Phase. 
f i r s t  dr ied In an oven a t  100°C t o  a constant  weight t o  f a c i l i t a t e  a n a l y t i c a l  calcula-  
t i ons .  However, because of t he  economic advantage in burning w e t  agglomerates,  a 
separate  i n v e s t i g a t i o n  involving the  combustion of wet agglomerates is i n  progress.  
The r e s u l t s  of t h i s  s tudy w i l l  be reported elsewhere.  Two procedures were used f o r  
t h e  ashing of d r i ed  coke-oil  agg lomera te s lo i l  phase. The f i r s t  procedure involved 
weighing an agglomerate sample i n t o  a porcelain c ruc ib l e ,  and placing i t  d i r e c t l y  i n t o  
a muffle fu rnace  p r e s e t  at  t h e  des i r ed  temperature. This technique has  been r e fe r r ed  
t o  a s  combustion wi th  l imi t ed  a i r .  The second procedure involved burning the  sample 
over  a bunsen hurner in t h e  open a i r  followed by completion of t h e  ashing process in 
t he  muffle furnace a t  an appropr i a t e  temperature.  This  has  been r e fe r r ed  t o  as 
combustion with excess  air. 
Su l fu r  Analysis.  Attempts were made t o  measure the  s u l f u r  dioxide emissions from 
coke-oil agglomerates by burning 1.0 g of t he  sample in a porce la in  boat  placed 
i n s i d e  a qua r t z  tube contained in a tube furnace (ASTM method D4239-83). This method 
is s p e c i f i c a l l y  designed f o r  t he  determfnation of s u l f u r  in coke and coal .  Sulfur  
dioxide i n  t he  combustion gases  was absorbed by 1% hydrogen peroxide s o l u t i o n  and the  
r e su l t i ng  s u l f u r i c  acid t i t r a t e d  a g a i n s t  0.05N-NaOH s o l u t i o n  t o  pH 5.0, see equa t ion  

Before combustion wet agglomerates were 

[ l l .  

SOz + H2OZ H2S0,, [ I 1  

The s u l f u r  content  of the coke, coke-oil agglomerates and coke-sorbent-oil 
agglomerates w a s  also determined independently using a Leco s u l f u r  analyzer  and by 
x-ray f luorescence spectrometry.  Excel lent  agreement between the  r e s u l t s  f o r  s u l f u r  
content  f o r  coke and coke-oil  agglomerates was obtained by t h e  t h r e e  methods. 
However, each method gave a d i f f e r e n t  r e s u l t  f o r  t h e  s u l f u r  content  of coke-sorbent- 
o i l  agglomerates. Reproduc ib i l i t y  was extremely poor f o r  t hese  samples when using the 
ASRl method. Resu l t s  from t h e  Leco s u l f u r  analyzer  were rep roduc ib le  within i5% but  
gave s i g n i f i c a l l y  lower s u l f u r  con ten t s  than x-ray f luorescence spectrometry.  Resul ts  
from x-ray f luorescence spectrometry were much c l o s e r  t o  t h e  expected values  than t h e  
r e s u l t s  from t h e  o t h e r  two methods. Total  s u l f u r  in t h e  a sh  obtained from t h e  combus- 
t i o n  of coke-oil  and coke-sorbent-oil  agglomerates was a l s o  determined using x-ray 
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f luorescence spectrometry.  

of the t o t a l  s u l f u r  i n  t h e  o r i g i n a l  coke. 
The s u l f u r  f ixed  i n  t h e  a sh  during combustion is expressed a s  a percentage 

It was ca l cu la t ed  from t h e  equat ion:  

( 2 )  
Percentage w t .  of s u l f u r  in ash from y g of agglomerates 

Sulfur  f ixed  w t .  of s u l f u r  i n  y g of agglomerates 

Wt. of sulfur in ash 

w t .  of s u l f u r  in 

wt.  ash x % s u l f u r  i n  a s h  

w t .  agglomerates x % s u l f u r  i n  agglomerates 
100 

agglomerates 100 

Resul ts  and Discussion 
Sulfur  Determination. 
by: 
a r e  l i s t e d  i n  Table IV.  
agglomerates, but  each method gave a d i f f e r e n t  r e s u l t  f o r  coke- l imestone-oi l  
agglomerates with the mst s c a t t e r  being obtained with the  ASTM method. 
r ep roduc ih i l i t y  of the o the r  twa methods was s imi l a r .  
analyzer  gave lower s u l f u r  va lues  compared with t h e  x-ray f luo rescence  method. 
content ,  determined using x-ray f luorescence spectrometry,  was much c l o s e r  t o  the  
expected values.  Hence, a l l  t h e  r e s u l t s  discussed in t h i s  r epor t  a r e  based on t h e  
x-ray f luorescence spectrometry method. 

Su l fu r  con ten t s  of coke and coke agglomerates as determined 
AS'IM method D4239-83, Leco s u l f u r  ana lyze r  and x-ray f luo rescence  spec t romet ry  

The t h r e e  methods gave s i m i l a r  r e s u l t s  f o r  coke and coke o i l  

The 
However, t h e  Leco s u l f u r  

S u l f u r  

TABLE IV 
Comparison of Sulfur  Resul ts  Ohtained Using Di f f e ren t  Methods. 

Sample 

Suncor Coke 

Suncor Coke-Bitumen 
Agglomerates 

~~ 

Tota l  s u l f u r  To ta l  
Total  ox id i sab le  s u l f u r  ( a s  w/w% of o x i d i s a b l e  

(SO2 emit ted)  by ASTM agglomerates) s u l f u r  from 
Method ash* a n a l y s i s  

46OoC 75O0C 840°C 1000°C method method 460°C 1000°C 
x-ray Leco 

5.5f.0.1 5.3t0.2 - - 5.9f0.2 5.8S.1 - - 
( 4 )  (3)  ( 4 )  (4) 

(2 )  (2) (2) (3)  
5.8f.0.1 5.9t0.2 - 5.620.2 5.7 5.9W.1 5.8 5.7 

Suncor Coke- 4.75f.0.3 3.7S.2 
Limestone-Bitumen 
Agglomerates (3) 
Ca:S Mole r a t i o  0.6 

3.2 1.3 

*' 

Ca:S Pble  r a t i o  0.8 

I 
- 3.1 4 .23 .3  3 . 5 a . 4  3.2 1.3 

(3)  
1.8 

" 

Ca:S Mole r a t i o  2.6 
1.40f0.1 3.0t0.5 1.3 2.1f1.0 3.520.3 2.hS.1 2.2 0.9 

( 2 )  (3) ( 2 )  (10) 



reported t o  c a t a l y z e  t h e  s u l f a t i o n  r e a c t i o n  between CaO(s) and SOz(g) @]. 
analyses  of t h e  Suncor delayed coking coke and Syncrude f l u i d  coke a r e  presented in 
Table V below: 

Ash 

TABLE V 
Ash analyses  of the Cokes (wlw% of Ash) 

Coke I I Suncor delayed 
Coking Coke 

Total  Ash 
s iop  
*lZ03 
Fe203 
N i O  
v2°5 
TiOp 
CaO 

Nap0 
MgO 

K 2 0  

3 . 4  
42 
19 
23 

2 
5 
2 
3 
2 
1 
2 

8.0 
41 
22 
12 

1 
3 
3 
5 
2 
2 
2 

As Fep03 is one of t h e  major components of t he  a sh  from both cokes, s i g n i f i -  
can t  amounts of s u l f u r  r e t e n t i o n  by t h e  ash from these  cokes might be expected. 
However, no s i g n i f i c a n t  s u l f u r  r e t e n t i o n  by the  ash from e i t h e r  coke w a s  observed. 
Sulfur  r e t e n t i o n  by t h e  ash from Suncor coke ranges from 1-3% and f o r  Syncrude coke i t  
is i n  t h e  3-5% range. Although the Fe201 con ten t  of t he  a sh  from Suncor coke is about 
double t h a t  of the Syncrude coke, i t s  s u l f u r  r e t e n t i o n  i s  only ha l f  t h a t  of the 
Syncrude coke ash. This appears  t o  be more cons i s t en t  with the CaO content  of t h e  two 
ashes  and suggests  t h a t  CaO is  the  only r e a c t i v e  ing red ien t  f o r  s u l f u r  r e t en t ion  i n  
the  coke ash.  

However, cond i t ion ing  agen t s  were found t o  f a c i l i t a t e  agglomeration, probably by 
inc reas ing  t h e  w e t t a b i l i t y  of t h e  coke p a r t i c l e s  with r e spec t  t o  the  br idging o i l .  
The e f f e c t  was more pronounced f o r  Syncrude coke than f o r  Suncor coke. This was 
evident  from t h e  lower amount of br idging l i q u i d ' r e q u i r e d  t o  agglomerate Syncrude coke 
in t he  presence of cond i t ion ing  agents ,  i n  p a r t i c u l a r  o l e i c  ac id  and sodium o l e a t e .  
This  is cons i s t en t  w i th  t h e  f a c t  t h a t  Suncor delayed coke is more hydrophobic than  
Syncrude f l u i d  coke because of t h e  presence of a small amount (0 .4% by weight) of a 
benzene e x t r a c t a b l e  ma te r i a l  [11], 
Coagglomeration of Limestone wi th  Suncor Coke in t h e  absence of a condi t ioning Agent. 

dua l  agglomerates were only obtained when t h e  C a  t o  s u l f u r  ratio was < 1.2;  beyond 
t h i s  r a t i o  a u n i t a r y  phase r e su l t ed .  

t o  s u l f u r  molar r a t i o .  It i s  obvious from t h e s e  p l o t s  t h a t  t he  e f f i c i e n c y  of s u l f u r  
dioxide cap tu re  mainly depends on t he  calcium to  s u l f u r  mole r a t i o  i n  t h e  agglome- 
rates, and the  combustion temperature.  Considerably more s u l f u r  dioxide r e t e n t i o n  was 
obtained a t  1000°C than  a t  460°C. This i s  c o n s i s t e n t  with va r ious  published r e p o r t s  
[9,12-15J. 
explained on t h e  b a s i s  of s e v e r a l  mechanisms k]. 
s u l f u r  dioxide is n o t  w e l l  understood [16-17]. 
t he  r e a c t i o n  invo lves  two s t e p s .  The f i r s t  s t e p  is the  decomposition of calcium 
carbonate  ( c a l c i n a t i o n )  t o  carbon dioxide and calcium oxide: 

Condi t ioning agen t s  used d id  not a f f e c t  t h e  r e t e n t i o n  of s u l f u r  by ash. 

Suncor coke can be e a s i l y  coagglomerated with l imestone.  However, i n d i v i -  

F igu re  1, is a p l o t  of t he  percentage of t h e  s u l f u r  r e t e n t i o n  versus  calcium 

This  g r e a t e r  r e a c t i v i t y  of l imestone a t  h ighe r  temperatures  has been 

The d e t a i l e d  k i n e t i c  mechanism of t h e  r e a c t i o n  between carbonate  rock and 
However i t  is gene ra l ly  accepted t h a t  

CaC03(s) -) CaO(s) + Cop ( 9 )  ( 3 )  

The second s t e p  is t h e  r eac t ion  of s l l l fu r  dioxide and calcium oxide.  I n  the  
presence of excess a i r  t h i s  r e a c t i o n  produces CaS04(s): 
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However, with limited amounts or no air present the preferred product was 
temperature dependent [GI. 
thermodynamically stable CaSO,,*CaS was formed at higher temperatures as shown in 
reactions 5-7 below. 

At lower temperatures CaSOg was formed whereas the more 

4 CaO(S) + 4 SOz(g) -- 3 CaSO,(s) + C a S ( S )  ( 6 )  

cas(s) + 2 02(g) + CaSO,, ( 7 )  

The capacity of limestone to react with SO2 in a fixed bed reactor has been 
studied by various workers [9,12-15). 
is the controlling step at low temperatures, and the aulfation reaction is the 
controlling step at high temperatures. At low temperatures calcination is slow and 
hence overall conversion of limestone to CaSO w i l l  be low. As the temperature is 
raised the calcination rate w i l l  increase [18]. 
of calcination is so fast that the rate of Glfation dominates the overall reaction 
resulting in higher utilisation of sorbent. 

the agglomerates is increased a corresponding decrease in sulfur dioxide emissions 
during combustion of Suncor coke is achieved. For small values of the calcium to 
sulfur ratio there appears to be a linear correlation between sulfur dioxide capture 
and the calcium to sulfur mole ratio. This is consistent with the fluidized bed 
combustion studies of coals in presence of 1imestone.h this range, sulfur retention 
has been found to be related to the capacity of the stone and not its reactivity k]. 

It has been suggested that the rate of reaction between sulfur dioxide and 
limestone is strongly affected by the diffusion of the gaseous reactants u]. 
Because calcium sulfate has a molar volume about 3 times larger than that of calcium 
oxide, the accumulation of reaction product causes the sorbent porosity to decrease 
and the diffusional resistance to increase. When the pore mouths are filled with the 
reaction product, a considerable percentage of the interior of the pores become 
inaccessible to the gaseous reactants and the reaction stops. In addition it has been 
shown that the pore size distribution is affected by the temperature and COP partial 
pressure during calcination &I. 
re sure8 of CO fd. This is zonsistent with the observed lower degree of sulfur fixation at 46Ooc 
than at 1000°C. 

oxygen partial pressure during combustion at a particular temperature. Much higher 
sulfur retention values were obtained under excess air than under limited air at the 
same combustion temperature (460OC). This is because st lower temperatures, in the 
presence of excess air CaSO,, is formed which is thermodynamically more stable than the 
CaS03 preferentially formed in the presence of limited air. However, it is noteworthy 
that the results under discussion were obtained from two stage combustion as described 
in the experimental section. The initial combustion was carried out on a bunsen 
burner where the effective combustion temperature could have been considerably higher 
than 460"C, the temperature of the furnace for second stage of cornbustion. Hence, the 
effect noted above could be due to a combination of excess air and higher initial 
combustion temperature. 

required for agglomeration. However, the ratio of coke to bitumen does not affect the 
extent of sulfur retention by limestone. This suggests that limestone is a good 
sorbent for sulfur emissions from both bitumen and coke. 

It has been found that the calcination reaction 

At the optimum temperature the rate 

Results summarized in Figure 1 demonstrate that as the limestone content of 

At higher temperatures and under higher partial 
higher rates of reactions between SO2 and CaO have been reported 

The sulfur retention by limestone was also found to be affected by the 

With increasing amounts of limestone. greater quantities of bitumen were 
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The Ef fec t  of Combustion Temperature on t h e  Retention of SO, by Ash from Suncor 
Coke-Limestone Agglomerates. 

As d i scussed  above, t he  capture  of s u l f u r  dioxide by the sorbent  is a f f e c t e d  
by t h e  combustion temperature.  
were ashed a t  460"C, 75OoC and 1000°C in orde r  t o  f i n d  the optimum cornbustion tempera- 
t u r e  for maximum s u l f u r  r e t en t ion .  Resul ts  a r e  summarized in Figure 2. These r e s u l t s  
a r e  d i f f e r e n t  from t h e  r e s u l t s  shown in Figure 1 in t h a t  t h e s e  were obtained using 
sodium hydroxide as a condi t ioning agent.  It i s  obvious from these  r e s u l t s  t h a t  
maximum r e t e n t i o n  i s  achieved around 750°C t o  1000°C. However, an ashing temperature  
of 1OOO'C w a s  s e l e c t e d  fo r  subsequent work because t h i s  is c lose r  t o  t h e  temperatures  
used in a c t u a l  combustion equipment. 

A t  h ighe r  temperature  s u l f u r  r e t e n t i o n  is almost independent of t h e  calcium 
t o  su l fu r  mole r a t i o  in t he  range inves t iga t ed .  Almost 70% s u l f u r  r e t e n t i o n  can be 
achieved with a Ca t o  s u l f u r  mole r a t i o  of 0.6. This can be explained on t h e  b a s i s  of 
much f a s t e r  r a t e s  of r eac t ions  f o r  both c a l c i n a t i o n  and s u l f a t i o n  as well as pore 
plugging a t  h ighe r  temperatures  as discussed above k, 16-17,19 1. 
t u r e s ,  s u l f u r  r e t e n t i o n  is propor t iona l  t o  t h e  Ca t o  S =ratio. 
been due t o  t h e  g r e a t e r  thermal s t a b i l i t y  of &SO,, at lower temperatures.  

A t  460"C, f o r  a p a r t i c u l a r  Ca t o  S mole ratio t h e  ex ten t  of s u l f u r  r e t e n t i o n  
was mch  h ighe r  i n  excesa a i r  than i n  l imi t ed  air. 
pressure a t  h ighe r  temperatures  was i n s i g n i f i c a n t .  This can  be explained on t he  b a s i s  
of t he  formation of thermodynamically more s t a b l e  CaSO,, in excess a i r  a t  l o w  tempera- 
t u r e  and under any cond i t ions  at  higher  temperatures  as a g a i n s t  thermodynamically less 
s t a b l e  Cas03 obtained a t  low temperatures in l imi t ed  a i r .  Calcium s u l f i t e  w i l l  
decompose above 400'C according t o  t h e  equat ion:  

The samples of coke agglomerates con ta in ing  l imestone 

For lower tempera- 
This could have 

i 
Ihe e f f e c t  of oxygen par t ia l  

The Ef fec t  of Condi t ioning Agents on Sul fu r  Dioxide Capture by Limestone. 
In a recen t  pub l i ca t ion  i t  has been reported t h a t  when sodium was deposi ted 

on CaO, t h e r e  was a s i g n i f i c a n t  i nc rease  in SO2 adsorpt ion,  and adsorpt ion inc reased  
wi th  inc reas ing  sodium depos i t i on  [E]. The presence of sodium was suggested t o  have 
ac t iva t ed  t h e  CaO s u r f a c e  f o r  SOp adsorpt ion due t o  t h e  formation of Na-C-Ca spec ie s .  
In order t o  i n v e s t i g a t e  t h e  e f f e c t  of sodium on SO2 cap tu re  by l imestone, Suncor coke 
was coagglomerated with l imestone in t he  presence of va r ious  concen t r a t ions  of sodium 
hydroxide,  sodium o l e a t e  and a sodium sal t  of a petroleum s u l f o n a t e  (Witco TRS 10/80). 
The e f f e c t  of t h e s e  a d d i t i v e s  on t he  r e t e n t i o n  of s u l f u r  d iox ide  by l imestone has been 
i l l u s t r a t e d  in Figure  3. 

The a d d i t i o n  of a l l  t h r e e  condi t ioning agen t s  improved t h e  coagglomeration 
of t he  components, r e s u l t i n g  in t h e  use of smaller  q u a n t i t i e s  of bitumen, e s p e c i a l l y  
a t  higher  Ca t o  s u l f u r  mole ratios. This could have been due to  t h e  improved 
w e t t a b i l l t y  of t h e  components towards the br idging oil as  a r e s u l t  of t he  use of 
s u r f a c t a n t s  or by in s i t u  formation of s u r f a c t a n t s  by r e a c t i o n  between the  a l k a l i  and 
c e r t a i n  bitumen components. 

achieved when t h e  agglomerates were prepared i n  t h e  presence of t h e s e  add i t ives .  This 
e f f e c t  was more pronounced f o r  t h e  higher  Ca t o  s u l f u r  r a t i o s .  The r e l a t i v e  effec-  
t iveness  of t he  t h r e e  a d d i t i v e s  was e s s e n t i a l l y  iden t i ca l .  As a l l  t h r e e  a d d i t i v e s  
were sodium sal ts  i t  is poss ib l e  t h a t  the observed improvement was owing t o  sodium 
a c t i v a t i o n  of ca l c ined  l imestone [ZO]. 

experiments c a r r i e d  ou t  i n  t h e  presence of add i t ives ,  compared with the  blank experi-  
ments. It appears  that t h e  t h r e e  a d d i t i v e s  a l l  have the  a b i l i t y  t o  d i s t r i b u t e  
l imestone uniformly wi th in  t h e  agglomerates.  Overal l  s u l f u r  cap tu re  by l imestone was 
independent of t h e  concen t r a t ion  of t he  va r ious  addi t ives .  This is c o n s i s t e n t  with 
t h e  presumed c a t a l y t i c  na tu re  of t hese  add i t ives .  
Coagglomeration o f  Suncor Coke wi th  Lime. 

was considerably more d i f f i c u l t  than with l imestone,  r e s u l t i n g  in a u n i t a r y  phase i n  
most cases.  Ce r t a in  bitumen components ( ca rboxy l i c  ec ids )  a r e  known t o  i n t e r a c t  

As can be seen from t h e  p l o t s  in Figure 3, b e t t e r  s u l f u r  capture  was 

It is a l s o  apparent  t h a t t h e r e  is a reduced s c a t t e r  i n  t h e  da t a  po in t s  f o r  

Coagglomeration of Suncor coke wi th  lime was a l s o  attempted. This procedure 
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s t rong ly  with calcium ions. 
calcium atoms a t  t he  s o l i d  su r face  appears  t o  occur r ead i ly .  This r e s u l t s  i n  a hydro- 
phobic su r face  e a s i l y  we t t ab le  by the  o i l ,  a l lowing co-agglomeration with t h e  na tu ra l -  
l y  hydrophobic coke. Lime, however, r e a c t s  s t rong ly  with water and t h i s  r e a c t i o n  
probably OCCUKS i n  preference t o  i n t e r a c t i o n  with t h e  a c i d i c  bitumen components. 
Thus, t he  l i m e  su r f ace  does not become properly condi t ioned by the bitumen and 
co-agglomeratian does not  r ead i ly  Occur. 

The e f f e c t  of calcium t o  Su l fu r  mole r a t i o  on t he  r e t e n t i o n  of s u l f u r  
dioxide by l ime is i l l u s t r a t e d  i n  Figure 4. As is evident  the degree of s u l f u r  
dioxide r e t en t ion  inc reases  with inc reas ing  amounts of l i m e  in t he  agglomerates up to  
about 90% a t  a calcium t o  s u l f u r  mole Katio of about 2. Rela t ive ly  low d a t a  s c a t t e r  
i n  Figure 4 suggests  a uniform d i s t r i b u t i o n  of l i m e  w i th in  the agglomerates.  

excess  a i r  on the  r e t e n t i o n  of s u l f u r  by lime. Again. considerably h ighe r  s u l f u r  
r e t en t ions  were achieved a t  1000°C than a t  460'C. This e f f e c t  is  i d e n t i c a l  t o  t h e  one 
noted f o r  l imestone. It is a l s o  c o n s i s t e n t  with t h e  published r e s u l t s  f o r  t h e  
f lu id i zed  bed combustion s t u d i e s  with s i m i l a r  systems b, 12-15]. However, c o n t r a r y  t o  
t h e  l imestone case. where s u l f u r  cap tu re  was  found t o  be independent of t h e  calcium t o  
s u l f u r  mole ra t io  in t h e  h ighe r  r a t i o  range, s u l f u r  cap tu re  by l i m e  is dependent on 
t h e  calcium t o  s u l f u r  mole r a t i o  a t  a combustion temperature of 1000°C. This could be 
p a r t l y  due t o  the d i f f e r e n c e  in t h e  r e a c t i v f t i e s  of uncalcined and precalcined 
l imestone a t  higher  temperatures @]. It has been found tha t  t he  capac i ty  of 
uncalcined l imestone t o  r e a c t  with SO,(g) reached an optimum near 900°C while  t h e  
capac i ty  of precalcined l imestone decreased with inc reas ing  temperature above 700°C. 
Higher r e a c t i v i t y  of uncalcined l imestone a t  h ighe r  temperatures is s a i d  t o  be due t o  
t h e  higher  p a r t i a l  p re s su re  of CO (g)  produced from the  c a l c i n a t i o n  r e a c t i o n  k]. 
pronounced f o r  t h e  Syncrude f l u i d  coke-lime system than f o r  t h e  Suncor delayed coking 
coke-lime system. 
t h e  cokes. 
feed than during delayed coking (DC) E]. 
combustion temperatures than t h e  FC coke. 

Another important observat ion r e l a t i n g  t o  t h e  temperature e f f e c t  is t h a t  
maximum s u l f u r  dioxide r e t e n t i o n  was obtained near  750'C f o r  lime i n  c o n t r a s t  t o  a 
value of 1000°C f o r  l imestone. This  is c o n s i s t e n t  with t h e  published d a t a  of va r ious  
authors  who found t h a t  t h e  optimum s u l f a t i o n  temperature  f o r  uncalcined p a r t i c l e s  is  
gene ra l ly  higher  than t h a t  f o r  ca l c ined  p a r t i c u l e s  of t h e  same material &I. 
a t  This is con t ra ry  to the e f f e c t  noted f o r  
l imestone. The presence of excess  a i r  w i l l  lead t o  the  formation of thermodynamically 
s t a b l e  CaSO,, i n  both cases .  
with the  extent  of r e a c t i o n  due t o  pore plugging [16-17]. 
pore plugging is slower i n  t h e  presence of CO, produced from t h e  c a l c i n a t i o n  of 
l imes tone.  
CoagKlaneration of Suncor Coke w i t h  Hydrated Lime. 

prepared i n  t h e  l abora to ry  under d i f f e r e n t  condi t ions as l i s t e d  i n  Table 111, compared 
with the  reagent grade Ca(OA),. 
Suncor coke by hydrated l ime l ead  t o  va r ious  observat ions.  

As with lime maximum s u l f u r  dioxide r e t e n t i o n  was achieved near  750'C f o r  
reagent grade &(OH)* i n  c o n t r a s t  t o  t he  maximum near  1OOO'C f o r  t h e  l abora to ry  
prepared samples of hydrated l i m e .  
same sorbent  obtained from d i f f e r e n t  sources  is  not well understood. However, t h i s  
behavior is c o n s i s t e n t  w i th  t h e  f l u i d i z e d  bed combustion s t u d i e s  of s u l f u r  r e t e n t i o n  
by l imestone and dolomite. 
in f lu id i zed  bed combustion depends on t h e  s p e c i f i c  l imestone o r  dolomite  employed 
[g' 

Whereas sodium o l e a t e  was  found t o  be b e n e f i c i a l  i n  t h e  agglomeration of 
l abora to ry  prepared samples of hydrated l ime, none of t h e  a d d i t i v e s  a f f e c t e d  e i t h e r  
t h e  r e t e n t i o n  of SO2 o r  agglomeration of t he  reagent  grade &(OH),. This suggests  

For l imestone,  chemisorption of these components to 

Figure 5 demonstrates t h e  e f f e c t  of combustion temperature and amount of 

The temperature e f f e c t  $0, s u l f u r  dioxide r e t e n t i o n  by l ime is more 

This r e f l e c t s  t h e  d i f f e rences  i n  the  condi t ions during formation of 
During f l u i d  coking (FC), more v o l a t i l e  ma t t e r  is removed from the  bitumen 

As a r e s u l t  DC coke may r e q u i r e  lower 

Excess a i r  had a negat ive e f f e c t  on t he  r e t e n t i o n  of s u l f u r  d iox ide  by l ime 
combustion temperature  of 46OoC. 

However, t he  r a t e  of s u l f a t i o n  r eac t ion  will dec rease  
It is probable  t h a t  t h i s  

It was r e l a t i v e l y  easy t o  coagglomerate t h e  samples of hydrated l ime 

The r e s u l t s  f o r  t h e  r e t en t ion  of s u l f u r  d iox ide  from 

The reason f o r  t h i s  d i f f e r e n c e  i n  behavior of t h e  

It has 'been reported t h a t  t h e  maximum i n  S u l f u r  r e t en t ion  
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t h a t  reagent grade 
t h i s  work. 

is t he  l e a s t  hydrophobic among the  so rben t s  i nves t iga t ed  in 

Also, decomposition of Ca(OH)2 poss ib ly  produced r eac t ive  CaO 

Ca(OH)p(s) 4 CaOb) + H20(g) [9 1 
Water vapour and oxygen have been found t o  show a s i m i l a r  e f f e c t  on the  oxida t ion  r a t e  
of &SO3 t o  &SO, [24]. Figure  6 is a graphic  r ep resen ta t ion  of t hese  r e s u l t s .  There 
is a linear c o r r e l a t i o n  between the  amount of s u l f u r  r e t e n t i o n  and the  mole r a t i o  of 
calcium t o  s u l f u r  in the agglomerates. About 90% s u l f u r  r e t e n t i o n  can be achieved 
with a calcium t o  s u l f u r  mole r a t i o  of 1.2. Coke t o  bitumen r a t i o  does not appear t o  
a f f e c t  t h e  r e a c t i v i t y  o r  capac i ty  of hydrated lime f o r  SO2 capture.  This sugges ts  
t h a t  hydrated l i m e  is an e f f e c t i v e  sorbent f o r  s u l f u r  d ioxide  from bitumen a s  well a s  
from coke. 

ove ra l l  r e t e n t i o n  of s u l f u r  d ioxide  by hydrated lime. T h i s  is cont rary  t o  the  e f f e c t  
noted f o r  CaO and limestone. Since water vapor and oxygen have a s i m i l a r  e f f e c t  on 
t he  oxida t ion  r a t e  of CaS03 t o  CaSO, [SI, the need f o r  add i t iona l  air  w i l l  be elimi- 
nated, Also, i t  could be poss ib l e  t h a t  water vapor prevents  t he  pore plugging t h a t  
produced a negat ive  e f f e c t  f o r  CaO in the  presence of excess  a i r ,  l ead ing  t o  almost 
s to i ch iomet r i c  u t i l i s a t i o n  of t he  sorbent.  This w i l l  a l s o  expla in  the  l i n e a r  r e l a -  
t i onsh ip  between t h e  ex ten t  of s u l f u r  d ioxide  r e t e n t i o n  and the  amount of hydrated 
l i m e  i n  t h e  agglomerates.  
Coagglomeration of Syncrude Fluid Coke wi th  Lime/Limestone. 

In order  to  a s s e s s  the  e f f i c i ency  of t h i s  process  f o r  c o n t r o l l i n g  s u l f u r ,  
d ioxide  emissions from t h e  combustion of va r ious  types  of cokes,  coagglomeration of 
Syncrude f l u i d  coke with lime o r  l imestone was a l s o  attempted. The r e s u l t s  were 
e s s e n t i a l l y  i d e n t i c a l  t o  those  observed f o r  Suncor coke. The e f f i c i e n c i e s  of s u l f u r  
d ioxide  r e t e n t i o n  from the  combustion of Syncrude coke by l imestone and l i m e  can be 
compared with the  r e s u l t s  presented in Figure 7. Although, both curves  fo l low essen- 
t i a l l y  t h e  same t r e n d ,  i t  is obvious from the  r e s u l t s  t h a t  l imestone is a more 
e f f i c i e n t  sorbent ,  compared with lime, over the  e n t i r e  range of calcium t o  s u l f u r  
r a t io s .  
t h e  in s i t u  c a l c i n a t i o n  r eac t ion  The e f f e c t  of pore s i z e  is known t o  be 
s i g n i f i c a n t  i n  determining the  r a t e  a s  well as  the  ex ten t  of r eac t ion  between SO2 and 
CaO. It has been found t h a t  smal l  pores in t he  ca l c ines  r e su l t ed  in high r a t e s  of 
r eac t ions  and low o v e r a l l  conversions due t o  pore pluggin , while l a r g e  pores caused 
lower r a t e s  of r eac t ion  wi th  h igher  conversions [17.21,25~. It is probable t h a t  t he  
f r e sh ly  ca lc ined  l imes tone  p a r t i c l e s  have b igger  pores than  the  CaO used. This is a 
very  important r e s u l t  a s  t h e  a b i l i t y  t o  use  a cheap and r e a d i l y  ava i l ab le  ma te r i a l  in 
its na tu ra l  form has  a cons iderable  economic s ign i f i cance .  The c o s t  r a t i o  of lime t o  
l imestone on a molar bas i s  nay vary from 2 t o  4 depending on the  t r anspor t a t ion  
d i s t ance  [26].  Even the c o s t s  f o r  t r anspor t a t ion  and handling of l imestone tends t o  
be lower t G n  f o r  lime s i n c e  i t  can be t ranspor ted  i n  open trucks.  

Resul t s  d i scussed  so f a r  have demonstrated t h a t  coagglomerating cokes wi th  
such  s u l f u r  capture  agents  a s  l imestone, lime and hydrated lime could be an e f f e c t i v e  
way fo r  c o n t r o l l i n g  s u l f u r  d ioxide  emissions from the  combustion of these  cokes. In 
Figure 8 a comparison of t h e  e f f i c i ency  of t h i s  process  in terms of s d f u r  r e t e n t i o n  
by the ash  has been made f o r  t he  two cokes inves t iga t ed .  
t h a t  although t h i s  process  is e f f e c t i v e  f o r  both cokes it is s l i g h t l y  more e f f i c i e n t  
f o r  Syncrude coke compared with Suncor coke s p e c i a l l y  a t  h ighe r  calcium t o  s u l f u r  
r a t io s .  Thus, a t  a calcium t o  su l fu r  mole r a t i o  of about 1: l  over 90% s u l f u r  
r e t en t ion  can be achieved f o r  Syncrude coke compared with over 80% s u l f u r  r e t e n t i o n  
f o r  S n c o r  coke. 
g a s i f i c a t i o n  r e a c t i v i t y  of Syncrude f l u i d  coking coke compared with t h a t  of Suncor 
delayed coking coke &]. 
coke, Is s u r p r i s i n g  as t h e  former was subjec ted  t o  more seve re  treatment in the  coking 
process.  However, no reason  f o r  t h i s  r e a c t i v i t y  d i f f e r e n c e  has  been suggested. 

The presence of excess a i r  does not have any s i g n i f i c a n t  e f f e c t  on the 

This could be a t t r i b u t e d  t o  the  h igher  po ros i ty  and r e a c t i v i t y  produced by 
/16,17]. 

It is obvious from the  p l o t s  

This d i f f e r e n c e  nay be due t o  t h e  r epor t ed ly  h igher  bulk 

Higher r e a c t i v i t y  of f l u i d  coke, compared with delayed 
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Comparative e f f i c i e n c i e s  of t h e  t h r e e  so rben t s  i nves t iga t ed ;  l i m e ,  hydrated 
lime and l imestone have been i l l u s t r a t e d  in t h e  p l o t s  shown i n  Figure 9.  These 
r e s u l t s  were obtained i n  t h e  presence of condi t ioning agents  t h a t  a c t i v a t e  the  sorbent  
as discussed above. It i s  obvious from these p l o t s  t h a t  a c t i v a t e d  l imestone is  t h e  
most e f f i c i e n t  in i t s  capac i ty  t o  r e t a i n  S O z .  Lime and hydrated lime both have compa- 
r ab le  e f f i c i e n c i e s  f o r  low calcium t o  s u l f u r  r a t i o s  (up t o  1.0). However, in t h e  
range of Ca t o  S ratios beyond 1, hydrated l i m e  appears  t o  be more e f f i c i e n t  than 
l i m e ,  approaching in e f f i c i e n c y  t o  tha t  observed f o r  ac t iva t ed  l imestone. The 
observed higher  e f f i c i e n c y  of ac t iva t ed  l imestone f o r  SOz r e t e n t i o n  i s  of considerable  
s ign i f i cance  because of i ts  a l r eady  mentioned economic advantage over  t h e  o t h e r  
sorbents .  

c i a l  e f f e c t  on the  leaching of nickel  and vanadium from coke a s h  using hydroch lo r i c  
acid.  Hence, coagglomeration of coke wi th  calcium compounds w i l l  have the  added 
advantage t h a t  t he  ash from these  agglomerates would be more s u i t a b l e  f o r  mild a c i d  
leaching than the  a sh  from coke alone. 

In a f l u i d i z e d  bed combustion of coa l  the amount of so rben t  required t o  
achieve a given r educ t ion  in s u l f u r  dioxide emissions mainly depends on t he  gas 
r e t e n t i o n  t i m e  in t he  bed and consequently the  flow r a t e  of air .  However, in t h e  
present case,  where t h e r e  is i n t ima te  con tac t  between f u e l  and sorbent  within a n  
agglomerate matr ix .  s u l f u r  d iox ide  has t o  d i f f u s e  out through t h e  agglomerate po res ,  
contact ing so rben t  du r ing  i t s  passage, before  coming in con tac t  with t h e  f l u i d i z i n g  
air .  Hence, one might expect g r e a t e r  u t i l i z a t i o n  of t h e  so rben t  i n  t h i s  l a t t e r  ca se  
compared t o  f l u i d i z e d  bed combustion where sorbent  is added s e p a r a t e l y  t o  the  bed. A 
comparison of t h e  r e s u l t s  from t h i s  i nves t iga t ion  with the  d a t a  from some prel iminary 
experiments on the  s imulated f lu id i zed  bed combustion of Suncor coke does suggest  a 
g r e a t e r  e f f i c i e n c y  f o r  coagglokerated so rben t s  compared t o  a s imple mixture  of 
components. Details of these  f indings will be presented elsewhere.  
Conclusions 

According to the  f ind ings  of Schneider and George [ 7 1  calcium has  a benefi-  

(1)  There is no s i g n i f i c a n t  s u l f u r  r e t en t ion  by the  o r i g i n a l  a s h  from the  Athabasca 
bitumen cokes.  
Cokes produced du r ing  t h e  upgrading of Athabasca bitumen can be success fu l ly  
coagglomerated wi th  s u l f u r  dioxide capture  agents such as:  l i m e ,  hydrated l i m e  
and l imestone as a means of reducing sulfur emissions. On combustion, mst of 
the s u l f u r  remains in t h e  recovered ash from these  agglomerates i n s t e a d  of 
escaping t o  t h e  atmosphere as SOz.  
ASTM method D 4239-83 is no t  s a t i s f a c t o r y  f o r  measuring t h e  s u l f u r  dioxide 
emissions from t h e  combustion of coke-limestone agglomerates.  
Decrease in t h e  s u l f u r  dioxide emitted on combustion of t h e  coke-sorbent agglome- 
r a t e s  depends on such v a r i a b l e s  a s  the calcium t o  s u l f u r  mole ratio. combustion 
temperature,  p a r t i a l  p re s su re  of oxygen, condi t ioning agen t s  and t h e  type of coke 
and sorbent .  
The quan t i ty  of t h e  s u l f u r  dioxide capture  agents  required f o r  coagglomeration 
with coke depends on t h e  degree of s u l f u r  removal desired.  The dec rease  in t h e  
s u l f u r  d iox ide  formed on combustion inc reases  with inc reas ing  q u a n t i t i e s  of 
add i t ive ,  u n t i l  f u r t h e r  add i t ive  confe r s  no add i t iona l  bene f i t .  Thus over 80-90% 
r educ t ions  in s u l f u r  d iox ide  emissions can be achieved with a calcium t o  s u l f u r  
mole ra t io  of approximately 1:l. 
Combustion temperature  had a profound e f f e c t  on t h e  r e t e n t i o n  of s u l f u r  d iox ide  
by so rben t s .  In g e n e r a l ,  a t  higher  temperatures more s u l f u r  d iox ide  r e t e n t i o n  
was achieved than a t  lower temperatures.  However, t h e  optimum temperature a t  
which maximum s u l f u r  r e t e n t i o n  could be ohtained v a r i e s  w i th  the  type of 
sorbent.  
A t  lower combustion temperatures ,  t h e  presence of excess  a i r  had a b e n e f i c i a l  
e f f e c t  on t he  r e t e n t i o n  of s u l f u r  i n  the  coke-limestone system, and a negat ive 
e f f e c t  in t h e  coke-lime system. For t h e  coke-hydrated l i m e ,  presence of excess  
air does no t  a f f e c t  the o v e r a l l  conversion. 
Conditioning agen t s  such as sodium hydroxide,  sodium o l e a t e  and a petroleum 
su l fona te  had a b e n e f i c i a l  e f f e c t  both on agglomeration and on t he  ex ten t  of 
Su l fu r  d iox ide  capture .  
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(9) Coagglomeraion of Athabasca bitumen cokes with l ime, hydrated lime or l imes tone  
is an e f f e c t i v e  d e s u l f u r i z a t i o n  method. However, Syncrude f l u i d  coke gave 
s l i g h t l y  b e t t e r  results than Suncor delayed coke. 

economic advantage a s  l imestone is 2-4 times cheaper than lime. 
(10) Activated l imestone is a s l i g h t l y  more e f f i c i e n t  sorbent than l i m e .  This has a n  
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Figure Captions. 
Figure 1. Calcium t o  s u l f u r  r a t i o  e f f e c t  on S O p  capture  by 1 i m e s t o n e o A s h i n g  

temperature 460°C in excess a i r ;  O a s h i n g  temperature 1OOO'C in l imi t ed  
a i r .  
The e f f e c t  of ash ing  temperature on SO2 capture  by l imestone. 0460°C, 
l imi ted  a i r .  .46O0C, excess  a i r ,  A750°C, excess a i r  and 0 l O O O ' C  l i m i t e d  
a i r .  

Figure 2. 
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Figure 3. The e f f e c t  of va r ious  condi t ioning agents  on t h e  r e t e n t i o n  of s u l f u r  - -  
d iox ide  b l imestone. 

0, b l a n k ; b ,  NaOH; 0, sodium o l e a t e  and a, TRS 10/80. 
Figure 4. calcium to  s u l f u r  r a t i o  e f f e c t s  on t he  r e t e n t i o n  of s u l f u r  dioxide bv 

lime. 
Figure 5 .  The e f f e c t  of ashing temperature on SO2 ca t u r e  

symbols f o r  Syncrude coke; c l o s e  symbols, Suncor coke. 
Calcium to s u l f u r  r a t i o  e f f e c t  on S O p  cap tu re  by hydrated l i m e .  
The SO* cap tu re  e f f i c i e n c i e s  of l imestone vs l i m e o ,  limestone;. Lime; 
from Syncrude coke. 
E f f i c i ency  of SO2 capture;  Suncor coke vs Syncrude coke. @,A, l i m e ;  0, hydrated 1 i m e ; n . A .  Syncrude colce;0,.,8, Suncor coke. 
Comparative SO2 cap tu re  e f f i c i e n c i e s  of va r ious  so rben t s  f o r  Suncor coke. 

0, 11mestoneA..  l i m e ; O ,  hydrated l i m e .  

l i m i t e d  a f r ; d , A ,  46OoC, excess  a i r  andd,., 

Figure 6. 
Figure 7. 

Figure 8. 

Figure 9. 

,A, l imestone;  
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I 

KINETICS AND MECHANISM OF THERMAL DeNOx: A REVIEW 

Richard K. Lyon 

Energy and Environmental Research Corp. 
1090 King Georges Post Road 

Edison, NJ 08037 

In 1972 the author, then with Exxon Research and Eng. Co. 
(ERE), discovered a new chemical reaction, the gas phase homogeneous 
reduction of NO to N2 and H20 by NH3, in the presence of 02 (1,2,3). 
This reaction was both rapid and highly selective, 1.e. with reaction 
times of 0.1 sec or less NO could be nearly quantitatively reduced by 
equimolar amounts of NH3 in the presence of 02 concentrations orders 
of magnitude greater than the NO. The discovery of this reaction made 
possible a new and remarkably simple method of controlling the 
emissions of NOx from stationary sources such as utility boilers and 
industrial process furnaces, the Thermal DeNOx process. One simply 
found the location in the unit at which the temperature was 
appropriate to the reaction and installed there a grid to inject NH3 
into the hot flue gas. To date this process has had upwards of 60 
commercial applications and in recent instances NO reductions in 
excess of 90% have been achieved. 

One factor which helped make this success possible was the 
development of a predictive kinetic model, i.e. a model which 
described the kinetics of the reaction in terms of elementary reaction 
rate constants and which could be used to accurately predict the 
performance of the process in any given practical application. The 
model is routinely used in the engineering design of new Thermal DeNOx 
installation. To the author’s knowledge this is the first instance in 
which a model based on elementary reaction rate constants has been so 
used. This success was the culmination of the efforts of workers both 
within and outside of ERE but this success has recieved less attention 
than it might have otherwise. Several papers and meeting 
presentations have outlined the general nature of the model 
(4,5,6,7,8), but the actual model itself has been disclosed only in 
one somewhat obscure patent ( 9 ) .  In this review the DDHL model will 
be discussed and compaared with models published by others. 

The other models of interest were developed by Hanson and 
Salimian with subsequent refinement by Hanson and Kimball-Linne 
( l O , l l ) ,  by Miller, Branch and Kee (12), and by Silver, Gozewski and 
Kolb (13), hereinafter the H&K, MBK, and SGK models, respectively. 
Silver and Kolb (14) also measured the rate constant of the NH2 + NO 
reaction at elevated temperatures. Miller et al. are to be credited 
with proposing on purely theoretical grounds that the second channel 
of the NH2 + NO reaction does not directly yield N2 + H + OH but 
rather N2H + OH, a suggestion later supported experimentally by 
Andresen et al. (15). It is to be noted that both of these 
contributions were incorporated into the DDHL model. 

433 



A principal difference among these modeling efforts was the 
extent to which experimental data on the kinetics of the NO - NH3 - 02 
reaction were available to the modelers. The MBK and SGK models are a 
prior models, i.e. in the development of these models if the rate 
constant of a reaction was unknown, it was estimated on purely 
theoretical grounds without any effort to choose a value that would 
make the model fit the data. Both these models were successful in 
qualitative terms in that they showed the appropriate trends when 
compared to the limited data of Muzio et al. (16). In the H&K model, 
however, the model seeks to provide a truly quantitative description 
of the reaction kinetics. Hanson and Kimball-Linne set up a 
laboratory scale combustor and generated a block of data showing the 
kinetics of the Thermal DeNOx process for initial temperatures ranging 
from 1258  K to 1548 K and initial [NO] and [NHJl ranging from 141 to 
387 ppm and 70 to 556 ppm, respectively. Since the combustor was 
operated at a constant air/fuel equivalence ratio of 0.9, neither E021 
nor [HZO] were varied. Sensitivity analysis was done on the model and 
the rate constants of reactions which were uncertain and sensitive 
were adjusted to fit the data. Figure 1 shows an example of the 
model’s fit to the data. 

The DDHL model was developed in a similar manner, i.e. flow 
tube experiments were done with synthetic gas mixtures to develop two 
data bases, one relating to the oxidation of NH3 in the initial 
absence of NO (T = 1279 to 1323 K, [NH3] = 900 ppm, [OZ] = 2 to 8% and 
rH201 = 0 o r  1%) and the second larger data base relating to the 
reduction of NO by NH3 (T = 1120 to 1390 K, C021 = 2 to 8%, CH2.01 = 0 
to 15%, [NO] = 100 to 460 ppm, CNH31 = 270 to 530 ppm, a’total of 742 
data points). A kinetic model was developed which gave excellent fit 
to the former data base and with minor modifications which didn’t 
damage the fit to the NH3 oxidation data base it proved possible to 
fit the NO reduction data base within 7%, which is within the 
experimental uncertainty. Figure 2 shows examples of this model’s fit 
to laboratory data (5) while Figure 3 shows a comparison between the 
model’s predicted performance for the Thermal DeNOx process in 
commercial application and what was obtained. ( 9 )  

Since then the DDHL and HSK models were derived in general 
similar manners, the comparison between them is particularly 
interesting. While the DDHL model uses 31 elementary reactions of 
H/N/O species, the H&K model uses 52. Of these 30 reactions are 
common to the two models, DDHL includes one radical radical reaction 
which is probably unimportant under Thermal DeNOx conditions and 
which the H&K model omits. The H&K model includes ten such radical 
radical reactions. The other reactions which are used in H&K and 
omitted in DDHL includes three reactions which form nitrogen atoms and 
four reactions of N20. The former have high activation energies and 
will be important only at temperatures well above the Thermal DeNOx 
range. Since Thermal DeNOx does not make significant amounts of N20, 
the latter will be unimportant in the initial absence of N20. While 
the DDHL model show the interaction of NH2 and NO as a two channel 
reaction, capable of yielding N2H + OH and N2 + H20, the H&K model 
shows it as having a third far less probable channel yielding HNO + 
NH. DDHL shows the reactions of NH2 + 0, NH + 0 2 ,  and 

434 



NO + H02 as single channel processes, each making only one pair of 
products. While the H&K model agrees that these are the dominant 
raction pathways, it does includes a second less important channel for 
each. The H&K model also includes the reaction N2H+02=N2+H02 with a 
rate constant that is 1000 times less at 1200 K than the rate constant 
which H&K assumes for the competing NZH+NO=NZ+HNO reaction. Thus the 
omission of this reaction by DDHL does not appear to be a serious 
disagreement. 

Indeed there does not seem to be any disagreement between 
the two models as to which reactions are central to the Thermal DeNOx 
chemistry. There is also much agreement as to the roles which these 
reactions play in deciding the overall kinetics of the Thermal DeNOx 
reaction. In both models the overall reaction mechanism may be 
divided into two submechanisms, a chain reaction in which NH3 reduces 
NO and a chain reaction in which NH3 is oxidized to form NO. In both 
submechanisms the first step is the attack on NH3 by 0 and OH to form 
NH2. In the reduction submechanism the NH2 reacts with NO yielding 
either N2 and H20 (a chain terminating step) or yielding NNH and OH. 
If the latter step is followed by the reactions NNH+M=NZ+H+M and 
H+02=OH+O it is strongly chain branching. If, however, the subsequent 
reaction is NNH+NHZ=N2+NH3 or NNH+OH=NB+HZO the result is chain 
termination. Consequently the NO reduction submechanism is a self 
controlling explosion. Initially the chain branching sequence is 
dominant and the concentration of chain carriers grows exponentially, 
i.e. at a rate that is proportional to the concentration of chain 
carriers. Since chain termination processes have rates that are 
proportional to the square of the chain carrier concentration, they 
soon limit the increase in chain carrier Concentration. Thus in the 
NO reduction submechanism the rate of the overall reaction rapidly 
grows to a finite limit and proceeds smoothly thereafter. 

In the NO formation submechanism NH2 reacts with 0, OH and 
02. The latter reaction directly produces HNO while the former two 
reactions produce NH which reacts with 02 to yield HNO. The function 
of HNO in the oxidation submechanism is similar to NNH, i.e. 
dissocation of HNO to yield H atoms causes chain branching while 
reaction with NH2 or OH causes chain termination. Thus the oxidation 
submechanism, left to its own devices, would regulate the chain 
carrier concentration and overall reaction rate to finite values, 
though not necessarily the same values as those dicatated by the 
reduction submechanism. This conflict helps make the kinetics of the 
Thermal DeNOx reaction more complex than one might expect from the 
number of reactions involved. 

While there is agreement between the DDHL and H&K models as 
to which reactions are important, there is significant disagreement as 
to the roles those reactions play. In table 1 the rate constants of 
the thirty reactions the two models have in common are listed along 
with the ratios of those rate constants at 1200 K. Numerically the 
largest disagreement relates to the NH+OZ=HNO+O reaction but this is 
actually trivial since neither model assumes any reaction of NH which 
could compete effectively with NH+OZ=HNO+O. The disagreement as to 
the rate constant for the NNH+NO=NZ+HNO reaction is more important. 
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In the DDHL model control of the overall rate is shared between the 
submechanisms while the high rate constant assumed by H&K for this 
reaction tends to transfer control of the overall rate from the 
reduction submechanism to the oxidation submechanism. 

Another important disagreement between the models relates to 
the balance between chain branching and chain termination. In the 
DDHL model the rate of the chain terminating reaction NHS+HNO=NH3+NO 
is faster by a factor of 15.8 than in the H&K model. This 
disagreement is compounded by the fact that in the H&K model the 
N2tH20 and NNHtOH channels in the NH2tNO reaction are assumed to have 
equal rate constants while in the DDHL model the former is 1.5 times 
as fast as the latter. This rate constant ratio is very critical to 
the kinetics since it controls the chain branching factor. 

Finally it is to be noted that in the DDHL model the rate 
constant for the NH3+0=NH2+OH reaction is a factor of five slower than 
that used in the H&K model. A recent review of the literature by 
Cohen (17) recommends a rate constant for NH3tO=NH2+OH that is midway 
between the H&K and DDHL values with an uncertainty large enough to 
include both. The result of this and to a lesser extent the other 
disagreements between the models is that the concentration of 0 atoms 
during the deNOx reaction is much lower in the H&K model than it is in 
the DDHL model. Within DDHL NH2 is oxidized to NO chiefly by reaction 
with 0 atom but in H&K the NHZ+OH=NH+HSO is more important. This 
leads the two models to rather different predictions of the effect of 
water vapor on the kinetics of the Thermal DeNOx reaction. Figures 4 
and 5 show calculations of the extent of NO reductions as a function 
of reaction temperature done with the DDHL and H&K models. In the 
DDHL model adding water vapor shifts the optimum reaction to higher 
values, i.e. in the DDHL model added water removes 0 atom via the 
reaction O+H20=20H and since 0 is the critical chain carrier removing 
it with added water retards the reaction. In the H&K model, however, 
adding water shifts the optimum reaction temperature to lower values 
because the added water increases the concentration of OH, the 
critical chain carrier for H&K. 

Since the retarding effect of water has been demonstrated 
experimentally (compare figures 3c and 3d, also see reference 61, this 
would seem to be a limitation on the H&K model. Such limitations are 
to be expected when an empirical model is pushed beyond the range of 
its data base. The DDHL model has the advantage resting on a much 
broader data base, one that covers all the parameters of practical 
importance in applications of the Thermal DeNOx process. This makes 
the model a useful tool in commercial application of the process, but 
it is to be recognized that when the model "predicts" the extent of NO 
reduction to be expected in a given boiler or furnace, it is merely 
interpolating within the base of laboratory data. When one develops a 
kinetic model by using the rate constants of unknown reactions as 
adjustable parameters, two kinds of failure are possible. The model 
can fail to predict kinetics for conditions outside the range of its 
data base because for these conditions reactions which were 
unimportant within the conditions of the data base become important. 
Such failure is less serious since it does not imply that the model is 
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essentially wrong, merely that it needs extension. It is also 
possible, however, for the adjustable parameters to produce a 
compensating set of errors. It is interesting to ask what experiments 
could be done to test the DDHL model for the latter problem. 

A number of fair tests of the model are possible, i.e. in 
several instances the information in the model is sufficient to make 
unambiguous predictions about what should happen for conditions 
significantly different from the data base. Thus, for example, all 
the observations in the data base were at one atmosphere pressure and 
it would be interesting to see whether or not the model could 
correctly predict the effect of varying the pressure while holding 
[NH3], [NO], [HZO], and [023 constant. Similarly the model contains 
the reactions known to be important during the oxidation of H2 and 
those which occur during CO oxidation could readily be added. Thus 
the model’s ability to predict the extent to which adding H2 o r  CO 
shifts the optimum reaction temperature to lower values is another 
interesting test. 

Another test of the model, one which has been carried out, 
involves the oxidation of NH3 at trace concentrations (19). The 
model’s data base includes experiments in which NH3 at an initial 
concentration of 900 ppm was oxidized with NO initially absent. The 
observed decay of NH3 was zero order in NH3. This somewhat surprising 
behavior is a result of the balance between chain carrier production 
and removal. If the production of free radicals by the reaction 
sequence HNO+M=H+NO+M, H+02=OH+O is balanced by their consumption by 
HNO+NHZ=NO+NH3, it follows that CNHZl is independent of NH3 and the 
rate of NH3 disappearance is zero order. Obviously, however, if one 
starts with a sufficiently small initial concentration of NH3 this 
mechanism for maintaining [NHZl constant has to become ineffective and 
the rate of NH3 oxidation must become dependent on [NH3]. 
Specifically using the DDHL model one can calculate that for the 
conditions shown in figure 6 the decay of NH3 should be first order in 
NH3 and the decay constant should be 5.61/sec in contrast to the 
observed value of 5.65/sec. Thus in this instance, at least, the 
extrapolation of the DDHL model to conditions quite different from its 
data base is valid. 

REFERENCES 

1 R. K. Lyon, U.S.  Patent 3,900,554, 1975 

2 R. K. Lyon, Int. J. Chem. Kinet., 8, 315, 1976 

3 R. K. Lyon and D. Benn, Symp. (Int. ) Combust., [Proc], 17th, 
1978, 1979, 601 

4 R. K. Lyon and J. E. Hardy, I&EC Fundamentals, 1986, 25, 19 

5 A. M. Dean, A.J. DeGregoria, J. E. Hardy, and R. K. Lyon, 7th 
International Symposium on Gas Kinetics, Gottingen, Germany, August 
1982 

437 



6 A. M. Dean, J. E. Hardy, and R. K. Lyon, Symp. (Int. ) Combust., 
[Procl, 19th, 1982, 1983, 97 

7 R. K. Lyon, Envr 44 Paper Presented at the 187th National 
Meeting of the American Chemical Society, St. Louis, April 1984 

8 B. E. Hurst, Glass Techno. 24, 97 (1983) 

9 A. M. Dean, A. DeGregoria,J. E. Hardy, B. E. Hurst,and R. K 
Lyon, U. S. Patent, 4,507,269, 1985 

10 S. Salimain and R. K. Hanson, Comb. Sci. and Technol. 23, 225, 
(1980) 

11 M. A. Kimball-Linne and R. K. Hanson, Comb. and Flame, 64, 337, 
(1986) also see M. A. Kimball-Linne, Report T244 High Temperature Gas 
Dynamics Laboratory, Stanford University 

12 J. A .  Miller, M. C. Branch, and R. J. Kee, Comb. and Flame, 44, 
181 (1981) 

13 J. A. Silver, C. M. Gozewski and C .  E. Kolb, Aerodyne Report NO 
ARI-RR-66; also see J. A .  Silver, Comb. and Flame 53, 17 (1983) 

14 J. A. Silver and C. E. Kolb, Chem. Phys. Lett. 75, 191, (1980) 

15 P. Andresen, A. Jacobs, C. Kleinermanns, and J. Wolfrum, Symp 
(Int. ) Combust., [Procl, 19th, 1982, 1983, 11 

16 L. J. Muzio, J. K. Arand and D. P. Tierxeria, Symp. (Int.) 
Combust., [Procl, 16th, 1976, 1977, 199 

17 N. Cohen, Int. J. Chem. Kinet. 19, 319, 1987 

18 A. C. Lloyd, Int. J. Chem. Kinet. 6, 169, 1974 

19 R. K. Lyon and J. E. Hardy, Poster Session at 20th Symposium, 
(Int. ) on Combustion, Ann Arbor, 1984 

438 



TABLE 1 

COMPARISON OF THE RATE CONSTANTS USED I N  THE DDHL AND H&K 
MODELS 

( I n  t h i s  t a b l e  R denotes t h e  r a t i o  of t h e  DDHL rate cons tan t  t o  
t h e  H&K rate constant  a t  1200 K. * i n d i c a t e s  reac t ions  which 
were found t o  be k i n e t i c a l l y  s e n s i t i v e . )  

A n E, kca l  R** 

1) DDHL H+02=0+OH 2 . 2 3 + 1 4  -0. 1 6 . 8 0  0 . 9 7  

2 )  DDHL O+HZ=HtOH 1 . 8 E + 1 0  1 .0  8 .90  1 .0  

3 )  DDHL H2+OH=H20+H 2 . 2 E + 1 3  0 .0  5.  15 0 . 9 7  

H&K H+02=0+OH 3.7E+17 - 1 . 0 0  1 7 . 5  

H&K O+HZ=H+OH 1.8E+10 1.00 8 .90  

H&K H2+0H=H20tH 1.17E+09 1 . 3 0  3 . 6 2 6  

4 )  DDHL OH+OH=O+HBO 6 . 3 E c 1 2  0 .0  1 . 0 9  0 . 9 5  
H&K O+HBO=OH+OH 4.603+09 1 . 3  1 7 . 1 0  

5 )  DDHL H+02+M=HOZ+M 1 . 5 E t E 1 5  0 .0  - 0 . 9 9 5  1 . 4 5  
(For M=H20 t h e  quoted r a t e  cons tan t  is increased by x 2 1 )  

H&K H+02+M=HOZ+M 7 . 3 3 + 3 8  -1.0 0 .0  
( F o r  M = N2 or 0 2  t h e  quoted A f a c t o r  is  changed t o  6 . 7 3 + 1 9  and 
n changed t o  - 1 . 4 2 )  

6 )  DDHL 
H&K 

7 )  DDHL 
H&K 

8 )  DDHL 
H&K 

9 )  DDHL 
H&K 

10) DDHL 
H&K 

11) DDHL 
H&K 

12) DDHL 
H&K 

13) DDHL 
H&K 

H+H02 =OH+OH 
H+H02=OHWH 

H02+OH=H20K)2 
HOZ+OH=H20+02 

H02+0=02+OH 
H02+0=02+OH 

N H 3 + M  NHZ+H+M 
N H 3 + M  NHZ+H+M 

NH3+H=NHZ+H2 
N H 3  +H=NH2 +H2 

NH3+0=NH2+OH 
N H 3  +0=NH2 +OH 

NH3tOH=NHZ+H20 
NH3+OH=NHZ+H20 

NHZ+O=NH+OH* 
NHZ+O=NH+OH 

2.5E+14 

5.OE+13 
5.OE+13 

5.OE+13 
5.OE+13 

4 .8E+16 

2 .5E+13 
1 . 3 E + 1 4  

1 .5E+12 
2 . 1 9 E + 1 3  

3 . 3 E t 1 2  

2.5E+14 

2 .5E+16 

5 . 7 5 + 1 3  

1 .7E+13 
6 .75E+12 
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0 . 0  
0 . 0  

0 . 0  
0 . 0  

0 . 0  
0 . 0  

0 . 0 0  
0.0 

0 . 0  
0.0 

0 . 0  
0.0 

0 . 0  
0 . 0  

0 .  
0 . 0  

1 . 9 0  
1 . 9 0  

1.00 
1.00 

1.00 
1.00 

9 3 . 9 0  
9 3 . 7 9  

1 7 . 1 0  
2 1 . 5 0  

6 . 0 4  
8 . 9 4  

2 . 1 2  
8.11 

1.00 
0 .0  

1 . 0  

1 .0  

1.0 

1.83 

1 . 2 2  

0.23 

0 . 7 1  

0 . 7 1  



Table 1 ( con t inued)  

14) DDHL 
H&K 

15) DDHL 
H&K 

16) DDHL 
H&K 

17) DDHL 
H&K 

18) DDHL 
H&K 

19) DDHL 
H&K 

2 0 )  DDHL 
H&K 

21) DDHL 
H&K 

22) DDHL 
H&K 

23) DDHL 
H&K 

24) DDHL 
H&K 

25) DDHL 
H&K 

26) DDHL 
H&K 

27) DDHL 
H&K 

28) DDHL 
H&K 

29) DDHL 
H&K 

30) DDHL 
H&K 

NH2 +OH=NH+H20* 
NHZ+OH=NH+HBO 

NHZ+H=NH+H2 
NH2 +H=NH+H2 

NH2+HNO=NH3+NO* 
NHP+HNO=NH3+NO 

NH+OS=HNO+O 
NH+02=HNO+O 

HNO+OH=NO+H20 
HNO+OH=NO+HSO 

HNO+M=H+NO+M* 
H+NO+M=HNO+M 

NO+H02=N02+OH 
NO+H02=N02+OH 

NH2+NO=NNH+OH* 
NHZ+NO=NNH+OH 

NH2 +NO=N2 +H20* 
NH2 +NO=N2+H20 

O+N02=N0+02 
O+N02=N0+02 

NOZ+H=NO+OH 
NOZ+H=NO+OH 

NO2 +M=NO+O+M 
NO+O+M=NOZ+M 

NNH+NH2=N2+NH3* 
NNH+NH2=N2+NH3 

NNH+M=NZ+H+M* 
NNH+M=NZ+H+M 

NNH+OH=NZ+H20 
NNH+OH=NZ+HPO 

NNH+NO=NZ+HNO* 
NNH+NO=NZ+HNO 

NH2+02=HNO+OH* 
NH2+02=HNO+OH 

5.5Et10 
6.OE+12 

5.OE+10 
1.9E+13 

1.8E+14 
5.OE+ll 

3.OE+13 
1.OE+13 

3.6E+13 
1.26E+12 

1.9E+16 

3.4E+12 
2.091+12 

6.1E+19 
1.263+16 

9.1E+19 

7.56E+15 

1.263+16 

1.OE+13 
1.OE+13 

3.5E+14 
3.5E+14 

1. 1E16 
2.00E+15 

1.OE+13 
1.OE+13 

2.OE+14 
2.OE+14 

3.OE+13 
3.OE+13 

9. 1E+11 
5.OE+13 

5.1E+13 
4.5E+12 

0.68 
0.0 

0.5 
0.0 

0 
0.5 

0.0 
0.0 

0.0 
0.5 

0.0 
0.0 

0.0 
0.0 

-2.46 
-1.25 

-2.46 
1.25 

0.0 
0.0 

0.0 
0 . 0  

0 . 0  
0 . 0  

0 . 0  
0 . 0  

0.0 
0.0 

0 .0  
0.0 

0.0 
0.0 

0.0 
0.0 
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1 .29  
0 .0  

2 .00  
0.0 

1.00 
2.00 

3.40 
12.00 

0.0 
2 . 0  

48.68 
-0.6 

-. 26 
-_ 48 

1.87 
0.0 

1.87 
0.0 

0.6 
0.6 

1. 50 
1.48 

66.00 
1.88 

0. 
0.0 

30.00 
28.00  

0.0 
0.0 

0.0 
0.0 

30.00 
25.00 

0.66 

0.39 

15.8 

110.6 

0.5 

0.4 

1.8 

0.4 

0.6 

1.0 

0.99 

1.6 

1.0 

0.4 

1.0 

0.02 

1.4 
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Combined NO,/SO, Removal from Flue Gaa 
Using Ferrous Chelates of SH-Containing Amino Acids and Alkali 

David K. Liu and S. G. Chang 

Applied Science Division 
Lawrence Berkeley Laboratory 

University OJ California 
Berkeley, CA 94720 

ABSTRACT 

We report herein the use of ferrous chelates of SH-containing amino acids including c y a  
teine, penicillamine, N-acetylcysteine, and N-acetylpenicillamine in neutral or alkaline 
solutions for the combined removal of NO and SO, in wet Rue gas clean-up systems. 
These SH-containing amino acids not only can stabilize ferrous ions in alkaline solutions 
to promote the absorption of NO, but are also capable of rapidly reducing ferric ions 
formed during the scrubbing process back to ferrous ions. The  disulfide from of the above 
amino acids can be reduced by SO, and H,S to regenerate the start ing monomeric species. 
The chemistry relevant to the absorption of N O  by the above ferrous chelates and the 
ligand regeneration process will be discussed. 
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INTRODUCTION 

A large number of wet flue gas clean-up processes using iron chelates t o  simultane- 
ously remove NO, and SO, from combustion flue gas have been developed over the past  
fifteen years. The  mechanism for NO absorption using these Fe2+(EDTA) type chelates 
involves the formation and subsequent reaction of a ferrous nitrosyl complex with dis- 
solved SO2 and 0, t o  produce N,, N,O, dithionate, sulfate, nitrogen-sulfur compounds, 
and ferric chelates which are unreactive towards NO (1). The  regeneration of scrubbing 
liquors and ferrous chelates associated with such processes is very costly (2). Therefore, 
these wet absorption processes, even though very efficient in SO2 and NOx removal, have 
not yet reached the commercial stage. 

We wish t o  report the use of ferrous chelates of SH-containing amino acids (or 
thioamino acids) in neutral or alkaline solutions for the simultaneous removal of NOx and 
so2 ,from flue gas. The ferrous chelates investigated in this study include those of L 
cysteine (CySH), DL-penicillamine (Pen), N-acetyl-Lcysteine (AcCySH), and N-acetyl- 
DLpenicillamine (AcPen). 

The  stereoisomers or racemates of the thioamino acids employed represent the most com- 
mon and therefore least expensive forms; other stereoisomers or racemates can also be 
used since they should have identical chemical reactivities. Recent reports from our 
laboratory have addressed some the chemistry involved in the absorption of NO by fer- 
rous cysteine (3,4). We have also recently communicated preliminary results concerning 
the use of ferrous chelates of certain cysteine derivatives in the removal of NO from the 
gas (5) .  This paper presents a full  account of the scrubber chemistry of NO and SO 
removal by alkaline solutions containing ferrous chelates of the aforementioned S8 
containing amino acids, as well as subsequent regeneration of the thioamino acids for 
recycling in the scrubber system. 

EXPERMENTAL 

The absorption of NO by neutral or alkaline solutions of ferrous thioamino acid 
complexes was studied using a bench-scale gas scrubber and a Thermoelectron Model 14A 
chemiluminescent NOx analyzer (3). For the reduction of the disulfide form of the 
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thioamino acids, a method similar to tha t  developed for the regeneration of cysteine from 
cystine was used (4). The identification of all thioamino acids and their derivatives was 
performed on an amino acid analyzer built in-house (6). The  determination of iron-, 
nitrogen-, and thioamino acid-containing products was based on analytical techniques 
described previously (3,4). 

RESULTS AND DISCUSSION 

The removal of NO from oxygen-containing flue gas can be effected by aqueous solu- 
tions containing ferrous chelates of SH-containing amino acids, as shown in Figure 1. It is 
clear that  all the ferrous thioamino acid complexes we tested are much more effective in 
absorbing N O  than Fe2+(EDTA) under the same conditions. T h e  greater N O  absorption 
capacity in  the cases of ferrous thioamino acid complexes may be accounted for by the 
ability of the thiol groups t o  reduce any ferric ion formed upon oxidation of the ferrous 
chelate by residual 0, in flue gas (Equation 1): 

RSH H+ 
Fe*+(RS-)* A Fe3+(RS-)3 - Fe2+(RS-),(RS.) 

'F 0, I 
1) 

This  mechanism is well established for Fe2+(CyS), (7) and is likely also applicable t o  
Fe'+(AcCyS),. In t h e  case of Pen, i t  has been suggested tha t  the two &methyl groups 
serve to inhibit the oxidation-reduction reactions (8) .  It is therefore likely that the 
enhanced NO absorption capacity using Fe2+(Pen), and Fe2+(AcPen), is the result of the 
stability of ferrous chelates towards 0,. In any case, the concentration of ferrous thioam- 
ino acid complex in the absorber is maintained, and NO removal can therefore be sus- 
tained. On  the contrary, the Fe3+ (EDTA) complex formed upon oxidation is inactive 
towards NO. A further advantage of the ferrous thioamino acid systems is that  the rapid 
intramolecular reduction of Fe3+ to  Fez+ can prevent thef formation of dithionate ion 
resulting from the reaction between Fe3+ and HSO,. 

The effect of pH on the NO absorption capacity of ferrous thioamino acid complexes, 
as represented by the number of moles of NO absorbed per mole of Fez+ used 
(nNO/nFe2+), is shown in Figure 2. While the NO absorption capacity of Fe2+(CyS), is 
fairly insensitive t o  pH, Fe2+(Pen),, Fe2+(AcCyS),, and Fe2+(AcPen), are  more efficient as 
the solutions become less basic, up t o  pH - 6. The influence of pH on NO absorption can 
be attributed to the presence of various ionic forms of thioamino acid, the stability con- 
s tants  of ferrous thioamino acid complexes and ferrous hydroxide, and the rate of Fez+- 
catalyzed oxidation of the thioamino acids by 0,. 

The effects of several additives on the N O  removal efficiency of Fe(CyS), were exam- 
ined, and the results are summarized in Table I (below). Power plant flue gas typically 
contains several thousand ppm SO,, which dissolves in scrubbing liquors to  form pri- 
marily SO,?- a t  pH > 9. The  effect of SO2 on the N O  absorption capacity can therefore 
be studied by the addition of SO,?- to  the ferrous cysteine solution. Our results show that 
SO$ can improve the  NO removal efficiency of Fe2+(CyS),. Such enhancement could be 
a result of the reaction of SO,?- with 0, to form SO:-, and/or the reaction of SO,?- with 
the oxidized product cystine (CySSCy) to form CySH and cysteine sulfonate (CySSO,), 
vide infra. High concentrations of S,O,?- can also enhance the NO removal efficiency of 
Fe2+(CyS),, probably because S,O,?- can serve as an oxidation inhibitor. It is expected 
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Additive Concentration, M 
none ' - 

Na,SO, 0.05 
0.10 
0.50 

N%S,O, 0.05 
1 .oo 
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nNO/nFe2+ 
0.023 
0.040 
0.050 
0.068 
0.030 
0.080 



Method' 

I 
I1 
111 
TVa 
IVb 
IVC 

CySSCy + HS- + S O f - 2  2CyS- + S20i- + H+ 7) 

pH TO, 'C CySH, % CySSOg,% CySSCy, % 

10 60 59 17 15 
10 60 36 3 58 
10 60 90 5 4 
10 60 . 85 8 6 
10 80 84 10 6 
12 60 84 6 5 

In an  acidic medium, S20i- decomposes to form HSO; (and/or SO,) and colloidal sulfur, 
as shown in Equation 8. 

S,O$ + H + +  HSO, + S i  8) 

By adding equations 7 and 8 and taking into account the equilibrium between SO$- and 
HSO,, we obtain the  net equation 

CySSCy + H S - 2  2CyS- + S i  + H+ 9) 
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Thus, the only reagent consumed in the conversion of CySSCy to'CySH is HS-, and 
elemental sulfur is formed as a product. The  latter can be converted back to H2S by reac- 
tion with H,, which can be derived from C O  and H,O (9). Therefore, in essence, the 
reducing agent consumed in this CySH and the corresponding AcCySH regeneration 
scheme is CO, which can be easily obtained from the incomplete combustion of coal. I t  
can be inferred from Equation 9 that one mole of C O  is required for the regeneration of 
two moles of CySH or AcCySH. 

CONCLUSIONS 

Wet Eue gas clean-up systems based on  ferrous chelates of thioamino acids possess 
several major advantages over the conventional Fe2+ (EDTA) type chelates. These 
include higher NO absorption capacities, the suppression of dithionate and N-S compound 
formations, and the ability of the thioamino acids t o  reduce Fe3+ to  Fez+ ion, thus elim- 
inating the need to regenerate ferric chelates from the scrubbing liquor. Reduction of the 
oxidation products cystine and N-acetylcystine can be accomplished by treatment with 
H,S and SO2 in ,basic solutions. However, the same process is not applicable to penicil- 
lamine, and possibly N-acetylpenicillamine, due to steric effects. Unfortunately, the appli- 
cation of these ferrous thioamino acid chelates in spray drying systems is limited by the 
larger stoichiometric ratio of the ferrous chelates to NO (Figure 2) required for obtaining 
a high (2 50%) NO removal efficiency. 
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Figure 1. The NO r moval efRciency of ferroua thioarnino acid and Fez+ (ED'$!) chelatea. Reaction conditions 
were: [Fe$+] - 0.01 M; [thioamino acid[ - !EDTA1 - 0.04 M; I B 4 0 7  1 - 1.18 M; P,o - 500 ppm; 
PO, - 4%; pH - 7.0; T' - 55' C. 
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Figure 2. The NO sorption capacity of lerrous thioaming acid chelatn hs a lunction of pH. Reaction conditions 
were: [Fey+] - 0.01 M [CySHl - 0.04 M; [B,Of-[ - 0.08 M; P N ~  - 500 ppm; T' - 5s'c. 
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3 

Figure 3. Recovery of CySH m CySSCy and cysso- at various (so2-/. Reaction conditions were: [Fe?+i - 
0.1 M, [CySHl - 1.0 M [B40;-I -0 .2 M - 500 ppm; $ 0 2  - 4%: pH - 9 . 0  T' - 55'C. 

E 1 

Time (hrs) 

Figure 4. The eoncentration-time profile of the regeneration of  CySH from CySSCy at pH 10 and 60' C by the reac- 
tion of CySSCy flrst with HzS and then so,, followed by neutralization to pH - 7. 
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NO, and SO, Removal From Flue Gas 
by F e r r o u e  Ion-Peptide So lu t ione  

D. Littlejohn and S. G. Chang 

Applied Science Division 
Lawrence Berkeley Laboratory 

University of CaliJornia 
Berkeley, CA 94780 

SO and N O  generated by combustion are believed to oxidize in the atmosphere to 
form H$O, and hNO,/HNO,. The  main removal mechanism of these acids from the 
atmosphere is precipitation, popularly referred to as acid rain. Considerable research is 
being done to develop efficient, costeliective procedures to  remove SO2 and N O  from 
power plant Rue gases (1). SO2 can be removed more readily than N O  since i t  isXhighly 
soluble in aqueous solutions and can be oxidized to form SO:-. The sulfate ion can then 
be precipitated with calcium ions, if desired. Most of the NOx is in the form of NO, 
which has limited solubility in water. Many control strategies for NOx have focussed on 
compounds which enhance the solubility of NO. These systems are usually based on fer- 
rous ion-chelate compounds which readily form nitrosyl complexes (2). Early systems 
used aminocarboxylic acid chelates such BS EDTA, because of their large equilibrium con- 
s tants  for the formation of nitrosyl complexes. However, these systems were very sensi- 
tive to the presence of oxygen. In oxygen-free systems, solutions of these compounds can 
remove significant amounts of NO (3). With oxygen present, tbe ferrous ion is rapidly 
oxidized to ferric ion, which does not absorb NO. The oxidized metal ion must then be 
chemically or electrically reduced to the +2 state. This adds to the cost and complexity 
of processes using these compounds. The recovery or removal of the absorbed NO is not 
straightforward in these systems, and i t  would be desirable to develop a chemical system 
in which this could be done more easily. 

In a search for more suitable iron-chelate combinations, the ferrous ion-cysteine 
combination was studied (4). It was found that cysteine would readily reduce ferric ion to 
ferrous ion, and in 90 doing, keep most of the iron in the ferrous s ta te  when exposed to 
oxygen. The  ferrous ion-cysteine system was found to be capable of absorbing significant 
amounts of NO, with or without the presence of oxygen. Cystine, the oxidized form of 
cysteine, can be reduced back to cysteine by the appropriate application of HS- and SOP 
(5). These compounds can be obtained from the SO, removed from the flue gas. 

Various cysteine derivatives have been studied to determine if they would be supe- 
rior to cysteine in removing N O  from flue gas. These include glutathione ( a  tripeptide) 
and glyclcysteine (a dipeptide) which are the subject of this study. Glutathione (glu- 
tamylcysteinylglycine, abbreviated GSH) is a thiol compound that  is abundant in living 
cells. I t  is composed of the amino acids glutamic acid, cysteine and glycine linked by p e p  
tide bonds. Cysteine is the central amino acid. In a manner similar to cysteine, GSH can 
be oxidized to the disulfide (noted as GSSC). 

Glyclcysteine is readily produced by the acid hydrolysis of GSH (6). I t  also forms a 
disulfide when oxidized. 
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EXPERIMENTAL 

Glutathione (Sigma Chemical, 99%) was used without further purification. Gly- 
clcysteine was prepared by hydrolyzing glutathione in 1.2N HCI a t  95 'C for 60-90 min. 
under a nitrogen atmosphere. Yield was in excess of 95%. Pyrrolidone carboxylic acid 
(pyroglutamic acid) is a ceproduct  of the hydrolysis. It was prepared independently by 
heating glutamic acid with an equal amount of water in a sealed tube t o  140'C for 3 
hours (7). The  compounds used for preparing the acetate and borate, as well as t he  fer- 
rous ammonium sulfate, were of reagent grade quality. 

Two  types of experiments were done with the ferrous ion - peptide systems in aque- 
ous solutions to study their effectiveness in removing NO from the gas phase. In the first 
set  of experiments, buffered ferrous ion - peptide solutions were prepared on a vacuum 
line. A bulb of known volume was filled with N O  and expanded into the evacuated bulb 
with the ferrous ion - peptide solution. The  pressure was noted and vigorous stirring of 
the solution was initiated. Once the pressure stabilized, the pressure drop was used to 
calculate the amount of N O  absorbed by the solution. Corrections were made for water 
vapor pressure and the solubility of NO in water. Runs were done with the pH of the 
solution ranging from acidic to  alkaline. All runs were done with the peptide concentra- 
tion four times tha t  of the ferrous ion concentration. 

The  second type of experiment is designed to determine the ability of ferrous ion - 
peptide t o  remove NO from the gas phase under realistic conditions. Simulated flue gas 
was prepared by mixing nitrogen, oxygen, nitric oxide and, in some cases, sulfur dioxide. 
The gas mixture was passed through the buffered ferrous ion - peptide solution, which had 
been heated t o  55 'C. NO removal was determined by measuring the fraction of N O  not 
absorbed by the solution using a chemiluminescent NOx analyzer. The  plot of N O  
absorbed vs. time, was graphically integrated t o  obtain the total quantity of N O  removed 
by the solution. When SO was used, the amount of SO2 removed was obtained in a 2 
similar manner using a pulsed fluorescent SO2 analyzer. 

The  solutions were saved for analysis after the experiments were complete. Ferrous 
ion was analyzed by the 1 , l O  phenanthroline method. Nitrate and nitrite ions were 
analyzed by ion chromatography. An amino acid analyzer was used t o  measure the 
amounts of the reduced and oxidized forms of the peptides that  were present. 

RESULTS AND DISCUSSION 

The  NO absorption experiments with glutathione were done over a pH range from 
3.0 to 8.5. The  ferrous ion concentrations were .02M. The  N0:Fe stoichiometry was 2:l 
or higher over the pH range studied. The stoichiometric ratio increased as t he  pH 
increased. In solutions with pH <7,  the nitrosyl complex formed a rust-colored precipi- 
tate. This  is similar to what is observed in ferrous cysteine solutions when treated with 
NO. In alkaline solutions, no precipitate was observed. 

NO absorption by ferrous ion - glyclcysteine solution was studied over a pH range 
from 4 t o  9. Again, a N0:Fe stoichiometry in excess of 2:l was found. With glyclcys- 
teine, a solid nitrosyl complex formed a t  all pH conditions. The appearance of the p rec ip  
itates was similar to the solids obtained with GSH. 

To confirm that  glyclcysteine, not pyroglutamic acid, was responsible for t he  NO 
absorption observed, separate experiments were run with glutamic acid and pyroglutamic 
acid. Solutions of these compounds mixed with ferrous ions absorbed N O  only marginally 
better than solutions of~ferrous ions alone. This  suggests that  the peptide forming the 
complex with the ferous ion needs t o  contain cysteine to  efficiently bind NO. 
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The NO absorption experiments discussed above were done with approximately one 
atmosphere of NO. T h e  second set  of experiments, in which the NO-containing gas was  
bubbled through the heated solution, were done a t  much lower concentrations. The  gas 
mixture was typically 96% N,, 4% 0, and 500 ppm NO. SO2 , when included, was typi- 
cally at  2500 ppm. T h e  ferrous ion concentration used in these experiments was O.OlM, 
and the peptide concentration was four times higher. The ferrous ion - GSH solutions 
were studied over a p H  range of 4.3 to  10.9, and the ferrous ion - glyclcysteine solutions 
were studied at pH 4.3  to  9.2. 

Essentially no NO was absorbed by the Fe(I1)-GSH solution at pH 4.3, suggesting 
the equilibrium constant for the formation of the nitrosyl complex is small under these 
conditions. At slightly less acidic conditions (pH 5.4), the best NO removal was found. 
An N0:Fe stoichiometry of 0.54:l.O was obtained. This stoichiometry decreased as the  
pH rose, ending with N0:Fe = 0.17:l.O at pH 10.9. The decrease with increasing pH is 
presumably due to t h e  increasing role of oxidation of GSH and Fe(I1) with the increase in 
pH. The rate of NO absorption was found t o  be highest in neutral and slightly alkaline 
solutions, and the  rate  was slowest in the acid solutions. SO2 was less difficult than N O  to 
remove. It was removed most efficiently by alkaline solutions. 

In the alkaline solutions, almost all the NO absorbed was converted to nitrite and 
nitrate ions. Almost all of the iron in the solution precipitated out  in Fe(II1) form. Much 
of the GSH was oxidized to GSSG. Under very alkaline conditions, there was some 
decomposition of the GSH. 

The ferrous ion - glyclcysteine solutions absorbed NO a t  all conditions studied. T h e  
N0:Fe stoichiometry was about 0.3:l.O in acidic conditions and rose to 0.87:l.O a t  pH 7.3. 
I t  then dropped off rapidly as the pH increased, falling to 0.05:l.O a t  pH 9.2. The rate of 
NO absorption was slowest under acidic conditions. In neutral or alkaline conditions, the 
rate  of NO absorption was considerably higher than with the corresponding GSH solu- 
tions. It appears t h a t  oxidation of the Fe(II1) and glyclcysteine is significant in alkaline 
conditions, and this limits how much NO can be absorbed. In acidic conditions the oxid* 
tion is slower, b u t  t he  N O  absorption is also slow. 

A rust-colored precipitate formed in all of the solution, apparently containing most 
of the iron as Fe(II1). Most of the glyclcysteine was oxidized to the disulfide form. 

Both GSH and glyclcysteine are capable of reducing Fe(II1) to Fe(I1) in solution. 
Thus,  they enhance the  NO removal capabilities of an Fe(I1) solution not only by forming 
an effective ferrous nitrosyl complex, but also by maintaining the iron in the ferrous state.  
Of course, the peptides will be oxidized as a result. T h e  oxidized peptides can be reduced 
to their original form by several methods. These include the technique developed for cys- 
teine in which the  oxidized material is sequentially treated with H,S and SO2 (5). 

These compounds have been found to be considerably more effective than cysteine in 
ferrous ion - based NO removal systems operating a t  pH 5 t o  7. Other cysteine-based 
peptides might be equally effective. To be commercially useful, however, the compounds 
must not be excessively expensive and capable of being regenerated without large losses. 
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INTRODUCTION 

The pollution of the atmosphere by nitrogen oxides (NO =NO+NO ) has been a 
subject of growing concern during the past decade. Duri:g co&ustion, NOx 
is formed either by reaction of oxygen and atmospheric nitrogen (thermal NO 
) or conversion of chemically bound nitrogen in the fuel (fuel-NO ).The maE 
jor fraction of these emissions results from the fuel-NO during Combustion 
in industrial and utility boilers. The formation of NO in the boilers can 
be reduced to 'a considerable extent by modification inXthe combustion tech- 
nique, for example by applying fluidized bed combustion boilers. There 
still will remain some NO in the flue gases. Hence, other additional met- 
hods have been introducedXfor NO -removal . 
The most widely applied method for decreasing NO emissions from existing 
stationary sources selective catalytic reducfion (SCR) by NH3. The most 
commonly proposed overall reactions between NO and NH are (Odenbrand et. 
al. 1985, Matsuda et. al. 1978): 

is 

3 

4 NH + 4 NO + O2 ----) 4 N + 6 H20 (1) 
( 2 )  3 

3 2 4 NH + 6 NO -----> 5 N + 2 H20 
The catalyst used in a commercial plant must possess high activity and se- 
lectivity, since the volume of flue gas to be treated is large. In addi- 
tion, the catalyst must be resistant to SO poisoning (Matsuda et al. 
1982,Nam et a1.1986). The purpose of the prgsent study was to examine the 
kinetics of NO-NH3-02 reactions on several catalysts promoting the SCR of 
NOx. 

EXPERIMENTAL 

Catalysts. 
The catalysts and their main characteristics are shown in Table 1.The cata- 
lysts were supported base metal oxides.Some other materials were also tes- 
ted for their catalytic activity. 

Table 1. Catalysts in experiments. 

Catalyst Pellet Specific su 5- Bulk den- 
---------____--_------------------------------------------------- 

size(mm) face area(m /g) sity(g/ml) 
----------___--_------------------------------------------------- 
1. V(4%)/TiO >2.0 7 1.1 
2. Cu(5%)/TiA2 >2.0 7 1.0 

7. Ni(ll%)/Al;O: (Ni P) 3.2 80 1.1 

3. Fe(6%)/Ti02 >2.0 14 1.1 

5. CU(7%)/A1 6 3.2 140 1.0 
6. Cr(l4%)/~f 8 4.0 60 1.1 

4. Ni(5%)/TiO )2.0 6 0.8 

8. Ni(l6%)/A1 0 (Ni T) 2.0-4.0 210 0.8 
9. Slag A (132 $e) >1.0 1.4 1.6 
10.Slag B (0.4% Fe) >1.0 0.2  1.1 
11.Hematite (66% Fe) 0.2-1.0 (0.1 3.1 
12.Ilmenite (36% Fe) >2.0 0.6 1.1 - 13.11menite+Ti02(5% Fe) >2.0 1.0 
--------_____--_----------------------_-------------------------- 
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The Ti0 -based catalysts were prepared according to methods developed by 

2 Matsuda et al. (1982). Saleh et al. (1986) and Skvortsov et al. (1977). Ti0 
(anatase) was wet-impregnated in a solution of a salt of the active mate- 

rial (V,Cu, Fe, Ni). After drying for 24 hours at 110 OC the catalyst was 
calcined in air at 400 OC. The A1 0 -supported catalysts were commercially 
available materials. The other mate?ihs in the experiments were inexpensi- 
ve iron-containing slags and ores. 

The total specific surface areas of the fresh materials were obtained with 
a Perkin-Elmer 212 C Sorptometer. 

2 

Apparatus and reactant gases 
The schematic diagram of the experimental apparatus is presented in Figure 
1. The fixed bed reactor and a pre-heater were made of quartz.The reactor 
was heated in a Heraeus ROK 4/60 oven and the temperature in the catalyst 
bed was measured with a Ni-NiCr-thermocouple. The gases were supplied from 
pressure bottles via high precision Hi-Tech massflowmeters. Gas lines befo- 
re the pre-heater were made of stainless steel. The mixing of with the 
simulated flue gas took place after the pre-heater, just in front of the 
reactor, in order to avoid any homogeneous reactions between the components. 

Two teflon sampling lines were connected to the reactor.The gas mixture was 
transported through a EPM 797 diluting unit to a Monitor Labs 8840 chemi- 
luminescent NO -analyser. The analyser was equipped with a thermodynamic 
converter (Monftor Labs 8750) and it measured NO and NO +NH3. NH was cal- 
culated by difference. The equipment was caligrated wfth a gas iaving 200 
ppm NO. 

NH3 

Procedures 
The NO-NH3-02 reaction was studied in both an empty tubular reactor and a 
packed bed reactor with different catalysts. After the temperatures of flue 
gas in the catalyst bed reached the set value, the concentration of NO was 
measured until a steady-state reading was obtained. The experimental ogera- 
ting conditions are summarized in Table 2. 

Table 2. Experimental operating conditions. 
________________________________________------------------------------- 
Inlet NO 0-2000 p p  
concentration 

0 or 500 ppm 

3 0.57-9.64 m (NTP)/h 
"2 carrier gas 

volumetric flow rate N2 
Catalyst bed volume 50 cm 
space velocity (SV) 3.2-3.6 m flue gas(NTP)/m (cat)s 
Temperature 200-900 OC 
Duration of the test 0.25 - 6 h 

3 

________________________________________-------------------------------- 

The SOX poisoning 
ppm SO2 using the Cu/A1203, Cr/A1203, Cu/Ti02 and V/Ti02 catalysts. 

experiments were performed with a test gas containing 500 

RESULTS AND DISCUSSION 

Empty reactor 
Figure 2 shows the plot of NO conversion versus temperature from 300 to 
900 OC. The empty reactor had negfible effects on the NO decomposition. The 
wall effect of the quartz tube on the reaction between NO and NH was also 
small. The thermal reduction of NO by NH3 increased once the temperature 
reached 900 OC. At this temperature the NO conversion was 26 %. 

3 
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Ti0,-supported catalysts 
Therconcentrations of NO after a one hour operation with the Cu, V, Ni and 
Fe catalysts are shown ifi Figure 6 as a function of the catalyst temperatu- 
re. The conversion of NO increased rapidly until about 300 OC which seemed 
to be the optimal temperature for all these catalysts. Above this temperatu- 
re the NO concentrations increased. This was due either to the incomplete 
reductionXof NO with NH or direct oxidation of NH with the excess oxygen 
present or a combination of both factors. 

The V/TiO catalyst showed high activity and resistance to SO poisoning 
(Figure 5 ) .  -The Cu catalyst lost its activity under 350 OC in tge presence 
of SO (Figure 8 ) .  Sulfur was not found to accumulate in great degree on 2 this catalyst at 0.23 % S; After SO -test: 0.40 % S).The Fe 
and Ni catalysts were less active than the V and Cu catalysts. Wong et al. 
(1986) have shown that the activity of Ti0 -based iron oxide catalysts is 
strongly affected by the preparation procedure. 

3 3 

350 OC (Fresh: 2 

2 

Al-0,-supported catalysts 
Fo;r' commercial A1 0 -supported catalysts were investigated2 These cata- 
lysts had large specific surface areas (between 60 and 140 m /g). The re- 
sults with these catalysts are shown in Figure 3.The optimal operation tem- 
peratures were between 300 and 350 OC in the absence of SO . The highest 
measured conversions were 80 (Cu), 74 (Ni P), 56 (Cr) and 48 % (Ni T) after 
a one hour operation. 

The activity of the Cu catalyst improved in the presence of SO2 at tempera- 
tures above 350 OC (Figure 4). Nam et al. 1986 have found with a V/Al 0 ca- 

2 talyst similar results. They proposed that the sulfur contamination as, A 1  
(SO ) ,increased the NO conversion at temperatures above 400 OC, presumably 
due to the moderation of the competing reaction of the NH oxidation to NO. 
Another reason for the behavior can be the formation of &SO , which is al- 
so known to catalyze the reaction concerned (Schrod 1986). Suffur was accu- 
mulated on our Cu/A1203 catalyst at 350 OC (Fresh: 0.02 % S; After SO - 
test: 3.32 % S).Compared with the results with Ti0 -supported catalysts, ?t 
can be concluded that the formation of A1;(S04)3 ? s  probable on A1203-sup- 
ported catalysts. 

The activity of the Cr catalyst decreased at temperatures under 350 OC when 

SO2 was present (Figure 5).The life of this catalyst seemed to be short un- 
der these circumstances. According to Ando (1983) a portion of SO2 oxidizes 
to SO on the catalyst surface to form NH HS04 .The SO poisoning test time 
was too short to make any accurate conclusions about the effects of SO 

It could be concluded that NO reacts with NH3 at a 1:l mole ratio at the 
optimal operation temperature as proposed by Kat0 et al. (1981). The NH 
concentration decreased in a similar way than the NO concentration untd 
about 350 OC. Above that temperature the concentrztion stayed under 100 
ppm. The degree of NH oxidation by O2 increased when the temperature rose 
over 350 'C. 

2 3  

2 3  

4 3  

3 4 2 
2' 

3 

Other materials tested. 
Iron oxide containing materials vary widely in catalytic activity depending 
on the composition (Moriguchi et al. 1978). The results of our tests are 
shown in Figure 9. 

At l o w  temperatures (200 - 350 OC) reaction kinetics has a decisive role. 
In the case that the catalytic material is poorly distributed or the avai- 
lable surface is low, no discernible reaction is observed. When the tempera- 
ture is increased all reactions,e.g. also the NH3 oxidation reaction, are 
speeded up and the final result in a NH -NO-02 -system may be either a ba- 
lance between the competing reactions or, in the worst case, an increase of 
NOx from NH3 oxidation. The above explanations apply to some of the slag ca- 
talysts. The specific surface areas of the investigated materials were pro- 
bably not sufficient for a measurable selective catalytic reduction. 

3 
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For the NO-NH3-o2 reaction the investigated materials can be divided in 
four groups: 
A. Good catalysts (V/TiOZ,Cu/Ti02, Cu/A1203 and Cr/A1203) 
B. Inferior catalysts (Ni T/Al2O 1 
C. NH3 oxidation catalysts ($e/TiOZ, Ni/Ti02, slag A and iron containing 
ores) 
D. Noncatalytic materials (Slag B) 

Good catalysts are predicted to be promoting both competitive reactions: 
NO reduction and straight NH3 oxidation. 

Influence of oxygen. 
The role of oxygen in SCR becomes greater when the 0 concentration falls 
below 1 % (Figure 10, 11 and 12). The oxygen affects tI?e reaction rate of 
NO with NH as found also by Matsuda and Kat0 (1983). An 0 concentration 
of 0.1 % was near to the critical value for the NO conversion'with the Cu/A1 
203 catalyst (Figure 10). Kotter et al. (1986) have also shown that an O2 
concentration below 0.2 % changes the reaction rate markedly. 

The NO reduction using the Cu/Al 0 has an optimal operation tem- 
perature at about 300 to 350 OC 2it? the presence of 1 to 5 % O2 ~ In the ab- 
sence of oxygen the NO reduction proceeds according to the reaction ( 2 )  at 
higher temperatures There exists no oxidation of NH3 to NO and 
the higher temperatures favour this reaction kinetically. 

The absence of O2 inhibits the NO reduction on Ti0 -supported catalysts 
at 300 to 350 OC. Oxygen concentrations between 1 to 5 % were shown to have 
some influence only at temperatures ca- 
talyst. The possibilities of the formation of N 0 become greater when 2oxy- 
gen is absent (Otto and Shelef 1972). 

3 

catalyst 

(>350 OC). 

2 

below 300 OC especially with V/TiO 

2 

The influence of inlet NO concentration. 
The conversions with Cu/Al 0 catalyst at different inlet NO concentra- 
tions NO 
inlet concentration. It is easier to reach the low outlet concentration if 
the inlet concentration is as low as possible. when the reactant concentra- 
tion (NO and NH 1 falls below 100 ppm the reaction rate of SCR, however, 3 decreases sharply. 

are shown in Figure d 3 T h e  degree of NO reduction increases with 

CONCLUSIONS 

Thirteen different SCR catalysts were investigated at temperatures between 
200 to 900 OC. Oxygen affects the reaction rate of NO with NH3.1n the pre-- 
sence of 0 the NO reduction has an optimum temperature between about 300 
to 400 OC. In the absence of 02,the NO reduction is shifted to higher tempe- 
ratures. The V/Ti02 catalyst is resistant to SO . The activities of the 
other catalysts investigated are affected by SO-. TI?ere is a clear differen- 

2 

ce between the A1 0 - and Ti0 -supported catalygts in regard to the influen- 
ce of SO 2 3  2 

2' 
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Figure 1. A schematic diagram of the experimental apparatus. 
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F i g u r e  6.  NO c o n v e r s i o n  w i t h  t h e  AI 0 F i g u r e  7.  The i n f l u e n c e  of SO on t h e  
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Introduction 

Sulfur and nitrogen oxides are major flue gas pollutants released by 
coal-fired electric power plants. In the atmosphere these oxides are con- 
verted to sulfuric and nitric acids, which contribute to the acid rain 
problem [l]. Most of the nitrogen oxides (905-952) present in coal-derived 
flue gas exist as the relatively inert and water-insoluble nitric oxide 
(NO), thus presenting a difficult removal problem. 

Nitric oxide reacts with oxygen to form the more reactive nitrogen 
dioxide: 

2N0 + 0 2  2N02 

The equilibrium constant is about 400 at a typical flue gas temperature of 
2OO0C (e.g., after the air preheater). However, the rate law 

-9 = k[NOlz[021; k(19TC) = 3,340 M-'sec-' 

predicts very slow conversion to NO2 under normal flue gas conditions 
(500 ppm NO and 4% 0 2 ) .  About 2.5 hours would be required for 50% conver- 
sion of the NO to NO2 [2]. Catalysis would be necessary to increase the 
rate of this oxidation reaction. Gaseous nitric oxide attacks a wide 
variety of transition metal complexes to produce nitrosyl compounds [3-5]. 
Thus transition metal complexes are candidate systems for control of nitro- 
gen oxides via sorption, as well as candidate systems for catalysis of NO 
transformations. 

A practical strategy for nitrogen oxides removal might utilize a solid 
support that has been impregnated with an active transition metal complex. 
Some supported transition metals are expected to remove NOx by sorption, 
with regeneration of the sorbent being a necessary property. Others cata- 
lyze NO oxidation to the more soluble NO2 and NzOS, which has been demon- 
strated for certain transition metal species [6]. These activated nitrogen 
oxides can be more efficiently removed along with SO2 in conventional scrub- 
bing or spray-drying processes, in which an aqueous slurry of sorbent, such 
as hydrated lime, is injected into the hot flue gas [7,8]. 

*Oak Ridge Associated Universities Appointee, Postgraduate Research Training 
Program. 
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We p r e s e n t  h e r e  pre l iminary  s t u d i e s  intended to  e s t a b l i s h  b a s i c  homo- 
geneous chemis t ry  of t r a n s i t i o n  metal complexes w i t h  n i t rogen  oxides .  The 
t r a n s i t i o n  m e t a l s  considered i n  t h i s  work a r e  v o l a t i l e  carbonyl  complexes. 
This  work is the  first s t e p  i n  t h e  development of  supported metal s p e c i e s  
for enhanced n i t rogen  oxides  removal. 

Experimental Methods 

React ion mixtures  are prepared on a s tandard  g l a s s  vacuum manifold. A 
mercury manometer measures t h e  pressure  of each gaseous component o f  t h e  
sample (21 t o r r ) .  The r e a c t i o n s  take  p l a c e  i n s i d e  Pyrex r e a c t i o n  cells with 
KBr o r  CaFz windows. The c e l l s  a r e  mountable i n s i d e  a Digi lab  FTS-20C FTIR 
instrument  t h a t  records  the I R  s p e c t r a  o f  r e a c t i n g  mixtures .  In photo- 
chemical experiments ,  a Hanovia 90100011 200-watt mercury a r c  lamp 
i r r a d i a t e s  t h e  sample f o r  per iods  of 15 or 30 seconds. 

Metal carbonyls  are obta ined  from Strem Chemicals and t r a n s f e r r e d  t o  
Pyrex vacuum c e l l s  i n s i d e  a dry  ni t rogen-purged g love  bag. Gases (NO, NO,, 
and 02) are used as received from Scott S p e c i a l t y  Gases. Small amounts 
(<5 t o r r )  o f  c e r t a i n  gases  a r e  taken from previous ly  made d i l u t i o n  mixtures  
o f  each g a s  in  n i t r o g e n .  

Resul t s  and Discussion 

I r r a d i a t i o n  of a mixture  of 0.3 t o r r  Fe(CO)s and 20 torr NO produces 
new i n f r a r e d  bands i n  t h e  carbonyl -s t re tch ing  region (2092 and 2049 cm-') 
and i n  t h e  n i t r o s y l - s t r e t c h i n g  region (1822 and 1787 cm-I) .  The new I R  
spectrum (see Table  1 )  a g r e e s  with publ ished Fe(C0)2(N0)z s p e c t r a  a f t e r  tak-  
ing  so lvent  s h i f t s  i n t o  account  [ g - l l ] .  

Addi t ion of n i t r o g e n  d ioxide  t o  Fe(CO)s r e s u l t s  i n  t h e  l o s s  of a l l  i r o n  
carbonyl s p e c t r a l  f e a t u r e s  and t h e  appearance of f r e e  CO (see Table  2 ) .  The 
reac t ion  produces an orange f i l m  on t h e  bottom o f  t h e  c e l l ,  whose IR spec-  
trum was recorded a f t e r  depos i t ing  t h i s  c o a t i n g  on a KBr p l a t e .  This  s o l i d  
e x h i b i t s  a weak band i n  t h e  te rmina l  CO-stretch region (1910 cm-') and a 
s t r o n g  band a t  1805 cm-', which is probably due to  a br idging  carbonyl .  
Inf ra red  bands are also observed at  1485, 1355, 1315, and 1220 cm-'. The 
h ighes t  f requency absorbance may be a br idging  n i t r o s y l ,  while t h e  o t h e r s  
a r e  probably coord ina ted  NO2 o r  n i t r i t e  (NOz-1 groups [5]. The formation of  
a s o l i d  c o n t a i n i n g  br idging  l i g a n d s  i n d i c a t e s  t ha t  i r o n  c l u s t e r i n g  r e s u l t s  
from r e a c t i o n  with NOZ. Free CO is genera ted  a s  t h i s  l igand  is e l imina ted  
between c l u s t e r i n g  metal c e n t e r s .  

A sequence of  chemical changes, which are followed by FTIR, occurs  upon 
addi t ion  of 16 t o r r  of oxygen t o  a mixture  of 0.3 t o r r  Fe(C0)s  and 25 torr  
NO. Five minutes  a f t e r  mixing, t h e  Fe(C0)s concent ra t ion  is reduced by 725, 
f r e e  carbon monoxide appears ,  and a smal l  amount of Fe(CO)z(N0)2 is 
observed. E i g h t  minutes fol lowing mixing, i r o n  pentacarbonyl  is gone, whi le  
t h e  F e ( C O ) z ( N O ) t  concent ra t ion  is halved. Nitrogen d ioxide  is n o t  observed 
u n t i l  e leven  minutes  after mixing, when a l l  of t h e  i r o n  carbonyls  have l e f t  
t h e  gas phase  ( s e e  F igure  1 ) .  (We observe t h a t  binary samples of  NO + 02 
begin producing NO2 immediately upon mixing; see Figure  2.)  An orange fi lm 
results, s u c h  as i n  t h e  r e a c t i o n  of  Fe(C0)S + NOz. Our i n t e r p r e t a t i o n  i s  
t h a t  t h e  i n i t i a l  NO2 formed by NO oxida t ion  r e a c t s  with t h e  i r o n  carbonyls  
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to produce iron clusters, and only after this reaction is complete does free 
NO2 appear. 

The next set of experiments involves dicobalt octacarbonyl. Upon addi- 
tion of NO, Coz(C0)a is quickly converted to Co(CO)sNO, as determined by 
FTIR (see Table 1 )  [9-12). No irradiation is necessary to initiate this 
reaction. Pure Co(CO)3NO, produced by the introduction of NO into a cell 
containing a crystal of Coz(CO)e, exhibits no reactivity toward oxygen. 
Upon addition of NO,, both Coz(C0)a and Co(C0)sNO leave the gas phase, and 
free carbon monoxide is produced. We believe that cobalt clustering results 
from the interaction with NO,, much as with Fe(CO)s (see above). 

Summary and Conclusions 

The metal carbonyls studied take up nitric oxide homogeneously in the 
gas phase. Iron requires UV light for reaction with NO, but the same result 
is expected with the application of heat. The metal carbonyls also react 
with nitrogen dioxide but in this case produce polynuclear metal species. 
Oxygen does not attack the carbonyl or nitrosyl complexes. 

The results indicate high potential for NOx removal from stack gases by 
sorption onto supported metal carbonyl complexes. The solid form allows 
ease in separation from the flue gas. Regeneration of the sorbent might be 
achieved by treating with CO to liberate NOx by displacement or by heating 
to decompose and drive off NO,. 

Experiments conducted between the time of this writing and the 194th 
ACS National Meeting will focus on efforts to produce supported transition 
metal complexes and to conduct fundamental studies involving their testing 
as NOx sorbents and as catalysts for nitrogen oxide transformations. Sup- 
port materials will include alumina and titania. Transition metal sources 
will.be metal carbonyls and metal salts, such as the nitrates. 
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Table 1. Gas Phase FTIR Spectra of Some Metal Complexes 
as Measured in this Work. 

Compound Absorbance maxima, cm-' (relative intensity) 

CO(c0) 3NO 2108(.12), 2045(1.0), 2010(.02), 1821(.52) 

Table 2. Gas Phase FTIR Spectra of Simple Nitrogen and 
Carbon Oxides as Measured in this Work. 

Compound Absorbance maxima, cm-' (relative intensity) 

2920( .07), 2890( .05), 1625( 1 . O ) ,  1605( .74) NO L 

NO 1910(1.0), 1855(.88) 

N 20 2238( 1 .O), 2212( .72), 1302(. 17), 1275(. 14) 

co 2170, 2115 

co 2 2365(1.0), 2335(.76) 
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NEW STRATEGY TO DECOMPOSE NITROGEN OXIDES FROM 
REGENERABLE FLUE G A S  CLEANUP PROCESSES 

James T. Yeh, James M. Ekmann, Henry W. Pennline, 
and Charles J. Drummond 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 
Pittsburgh, Pennsylvania 15236 

INTRODUCTION 

Nitrogen oxides (NO,) emitted from stationary combustion sources have 
been identified as important precursors of acid rain formation. Nitric 
oxide is a precursor to the formation of nitrogen dioxide and is an active 
compound in photochemical smog formation as well. It initiates reactions in 
which the products are air pollutants. Consequently, the control of NO 
emissions is an important factor in reducing air pollution. Well over 90 
percent of all the man-made nitrogen oxides that enter the atmosphere are 
produced by the combustion of various fuels. On a nationwide basis, about 
one-half of the NO, is from stationary sources. 

Two sources of nitrogen contribute to the formation of oxides of 
nitrogen in the combustion reaction: molecular nitrogen from the combustion 
air and bound nitrogen from the fuel. Two ways exist to reduce the quantity 
of NO, dispersed into th'e atmosphere. One method is control over the com- 
bustion reaction that produces the pollutant (combustion modification). 
Recent experience with combustion modification techniques for coal combus- 
tion indicate that NO, emissions for combustion when low-NO, burners are 
used can be 505-605 lower than when employing conventional burners under 
otherwise identical conditions [ l ] .  Similarly, NO, reductions approaching 
70% have been reported in pilot-scale reburning studies [ Z ] .  The second 
method is to remove the pollutant downstream after it is formed (postcombus- 
tion cleanup). Postcombustion techniques, which tend to be more complex and 
expensive, may be necessary when high levels (>70%) of NO, reduction are 
required or when installing new facilities for which both NO, and SO, con- 
trols are mandated. 

In certain regenerable, postcombustion cleanup processes, such as the 
NOXSO process [3] ,  a sorbent is used to remove the NO, from the flue gas. 
In the regeneration step, a concentrated stream of NO, is produced. This 
stream would be "recycled" as part of the combustion air back to the coal 
combustor, where a portion of the NO, would be destroyed. Theoretically, 
the NO, returned to the coal combustor would cause little change in the con- 
centration of NO, in the exiting flue gas. Thermodynamic equilibrium cal- 
culations for NO, formation from combustion indicate that NO, injected into 
the flame zone of a combustor would be destroyed to a large extent. The 
formation of NO, and its destruction in practical systems are kinetically 
controlled, and final concentrations of NO, in flue gas substantially exceed 
equilibrium values. To assess the extent of the reduction of recycled NO,, 
experimental tests in practical systems are required. 
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Simulated NO, recycle tests were recently conducted at the Pittsburgh 
Energy Technology Center (PETC), U.S. Department of Energy, with excellent 
results [ 3 ] .  However, the NO,-recycle technique needs improvement if 
steady-state removal of 90% of the NO, produced from the combustor is 
required. This paper reports experimental results for two new techniques to 
improve the destruction of externally injected NO, into a combustor. The 
first technique involves doping the NO, gas stream to the combustor with 
methane (other reductants might also be effective). The second technique is 
injecting the recycled NO, stream at the optimum location (with and without 
methane doping) for maximum reduction. Test data showed 100% reduction of 
injected NO, is possible with this technique. A third approach is proposed 
using a low-NO, burner in combination with the NO, recycle technique to 
achieve a steady-state 90% NO, removal in the flue gas. The projected 
results of the third process scheme are based on material balance computa- 
tions and reasonable expectations of the performance of each component of 
the process. 

THEORETICAL BACKGROUND 

The NO, control techniques described above are based on concepts 
utilized in other in-furnace NO, reduction processes. The techniques 
involve kinetically controlled reduction of NO, based in part on increased 
residence time at high temperatures and in part on the presence of chemical 
species that reduce the NO, to Nz, particularly doping the externally added 
NO, with methane (CHs). Doping recycled NOx with a fuel may appear similar 
to the reburning technique, a term coined by Wendt et al. [41 to describe 
the process of NOx reduction by injection of a secondary fuel stream to 
create a large fuel-rich zone in the combustor. The approach described in 
this paper, tentatively called "hydrocarbon doping," differs from reburning 
in that small amounts of secondary fuel are used (approximately 20% of that 
used in reburning for effective control), and no downstream injection ports 
are required. 

Thermodynamic Equilibrium 

The thermodynamic feasibility of in-furnace NOx reduction was studied 
using the PETC Multi-Phase Thermodynamic Equilibrium computer code and 
Sandia National Laboratory's CHEMKIN computer code. Results of the thermo- 
dynamic study show the equilibrium concentration of NO at various flame tem- 
peratures (see'Figure 1). The thermodynamic model simulates pulverized-coal 
combustion at 20% excess air. Injection of additional NO (referred to as 
recycle ratio, expressed as the ratio of moles of NO injected to moles of NO 
formed in the combustion process) was studied at levels of OS, 901, and 
100%. The calculated data show that at NO recycle ratios as high as 1,  
virtually no net increase of NO occurs. However, although thermodynamics 
indicates nearly total destruction of injected NO is feasible (up to a 
recycle ratio equal to l ) ,  chemical kinetics reaction rates will' dictate the 
final product mix. At a NO recycle ratio equal to 4, the CHEMKIN 
equilibrium code predicts a 1.8% increase in NO concentration compared to 
the case with no recycle. 
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Hvdrocarbon Doping 

NOx reduction are believed to be as follows: 
The global reactions involved in doping the injected NOx with CHr for 

CHI + 4 NO2 -P 4 N 0  + COz + 2 HzO (1) 

and 

CHI + 4 N 0  + 2 NZ + COz + 2 Hz0 (2) 

However, these reactions compete with the methane combustion reaction: 

CHI + 2 02 .* COz + 2 Hz0 (3) 

Figure 2 (taken from Chen et al. [5]) describes the chemical mechanism 
for NOx destruction by hydrocarbons. The kev stem include initial NO des- 
truction by reaction with the met1 
sequent reactions lead to ammonia 
formation of Nz. 

EXPERIMENTAL APPROACH 

Test Facilities 

The exnerimental work was con1 

rlidyne radicai (CHI to form HCN. Sub- 
[or NHi radicals) and eventually to the 

icted at PETC usinn a tunnel furnace and r ~ ~~ 

a 227-kg/hr pulverized-coal combustor. The tunnel fu;nace is a hot-walled, 
refractory-lined box with dimensions of 0.97 x 0.97 x 2.80 m and has a 
single burner in the front wall (interchangeable). It was designed to burn 
gas, coal-water slurry, or pulverized fuels. Combustion air can be pre- 
heated to 4OO0C (750OF). The burner is supplied with separate flows of com- 
bustion air, atomizing air, center-fire air, and natural gas (separate 
ring). The typical firing rate for the coal-water-mixture is approximately 
0.5 x lo6 W (1.7 MMBtu/hr). 

The 227-kg/h (500-lb/h) pulverized-coal combustion test facility is 
shown schematically in Figure 3. The furnace walls are refractory-lined and 
water-cooled. The unit is 2.13-m (7-ft)-wide, 1.52-10 (5-ft)-deep, and 3.66- 
q (lZ-ft)-high, and has a volumetric heat liberation rate of about 165,662 
W/m’ (16,000 Btu/hr-ft’) at a thermal input of 1.9 x 10‘ W (6.5 MMBtu/h). 
The Flue gas flow rate is approximately 0.613 cubic meters per second at 
standard conditions (1300 scfm) (standard condition is 1 atm and OOC). Coal 
is charged to the hopper, pulverized to a size consist of 702 minus-200 
mesh, and then conveyed by the primary air into a recycle coal loop, where 
intimate mixing of coal and air occurs. Four adjustable exit tubes are con- 
nected to the recycle loop; these convey the primary air-coal mixtures to 
each Of the four burners. It should be noted that the primary air swirl 
inducer is no longer being used. Secondary air at 315OC (600°F) is fed 
through swirl vanes surrounding each burner. The flue gas exits the furnace 
at about lo90°C (2000°F) and passes through a convective heat transfer sec- 
tion and an air preheater. 
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Test Procedure 

To s imula t e  t h e  r ecyc le  of NO, from a regenerable  NO, con t ro l  p rocess ,  
n i t r i c  oxide (NO) from a compressed-gas cy l inde r  was i n j e c t e d  i n t o  the com- 
bustor  through t h e  burner(s) .  I n i t i a l  NO, concentrat ion a t  t h e  e x i t  of t h e  
combustor was recorded. Nitric oxide gas  was then i n j e c t e d  i n t o  t h e  bu rne r .  
The NO, concentrat ion i n  t h e  e x i t i n g  f l u e  gas  reached a s t eady- s t a t e  l e v e l .  
I n  the  case of t h e  227-kg/h pulverized-coal combustor, t h e  po in t  of NO, 
i n j ec t ion  i n t o  t h e  burner could be var ied.  Also, n a t u r a l  gas  could be added 
to  t h e  'NO, stream. The burner used i n  t h e  227-kgIh combustor is shown i n  
Figure 4.  

RESULTS AND DISCUSSION 

The test r e s u l t s  of in-furnace reduct ion of r ecyc le  NO, wi th  and with- 
o u t  a s s i s t a n c e  from hydrocarbon doping are given i n  Tables  1 and 2. Tab le  1 
r e s u l t s  were obtained from t h e  tunnel  Furnace t e s t s  while burning n a t u r a l  
gas  and while  burning coal-water mixtures .  Table 2 con ta ins  t e s t  r e s u l t s  
obtained from t h e  227-kg/h pulverized-coal combustor. The i n i t i a l  NO, con- 
cen t r a t ion  is defined as t h e  NO, concentrat ion i n  t h e  furnace e x i t  w i thou t  
any NO i n j e c t i o n  i n t o  t h e  furnace (base l i n e ) .  The f i n a l  NO, concen t r a t ion  
is t h a t  i n  t h e  e x i t i n g  furnace Flue g a s  during i n j e c t i o n  o f  NO a t  s t eady-  
state condi t ions.  The n e t  NO, i nc rease  is t h e  d i f f e r e n c e  between t h e  con- 
cen t r a t ions  du r ing  NO i n j e c t i o n  and t h e  base- l ine condi t ion.  The reduc t ion  
of recycled NO, is the  difference between the  ca l cu la t ed  f i n a l  NO, (assuming 
no in-furnace reduct ion)  and t h e  f i n a l  NO, concentrat ion,  d iv ided  by t h e  
d i f f e rence  between the ca l cu la t ed  f i n a l  NO, and the  i n i t i a l  NO, concentra-  
t i o n .  A d i scuss ion  of t h e  r e s u l t s  From t h e  two test s e r i e s  fol lows.  

Tunnel Furnace 

Simulated NO, r ecyc le  tests were conducted by i n j e c t i n g  n i t r i c  ox ide  
(NO) i n t o  t h e  combustion a i r  stream. The pure NO was de l ive red  from a 
compressed-gas cyl inder .  The NO was d i l u t e d  by t h e  air  stream before e n t e r -  
ing the  furnace.  

The recycled NO, reduct ions were i n  t h e  range of 59% t o  79%. The d a t a  
show a nea r ly  l i n e a r  r e l a t i o n s h i p  between NO, r ecyc le  r a t i o  and NO, reduc- 
t i o n  i n  moles per minute. This i n d i c a t e s  t h a t  t h e  higher  t he  NO, concentra-  
t i o n  i n  t h e  furnace,  t h e  more NO, t h a t  is being decomposed. The l i n e a r  
r e l a t i o n s h i p  perhaps i n d i c a t e s  . t h e  decomposition of NO, is a F i r s t -o rde r  
k i n e t i c s  r eac t ion .  Since t h e  reduct ion of NO, re turned t o  t h e  fu rnace  is 
n o t  complete, thermodynamic equi l ibr ium among a l l  t h e  r e a c t i o n s  s p e c i e s  is 
n o t  being reached within t h e  furnace.  

Pulverized-Coal Combustor 

Several  parameters were studied during t h i s  s e r i e s  of tests. The 
ob jec t ive  was t o  maximize t h e  reduct ion of NO, i n j e c t e d  i n t o  t h e  combustor. 
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Table 2. In-Funncc Reduction of Recyoled Wq. 
221 kg/h h l  Combustor T e a t .  

a. M C o a l  
calorie ratio 

1 L 
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The approaches eva lua ted  included v a r i a t i o n  of t h e  NO, i n j e c t i o n  l o c a t i o n  i n  
the burner and the  u s e  of hydrocarbon doping o f  the  NO, stream. 

The NO, can b e  i n j e c t e d  i n t o  the burner and then subsequent ly  i n t o  the  
combustor by t h r e e  poss ib l e  routes:  (1 )  w i th  t h e  secondary a i r  ( t h i s  repre-  
s e n t s  about  80% of to ta l  combustion a i r ) ,  (2)  with the  primary a i r  and c o a l  
stream, or ( 3 )  through t h e  a u x i l i a r y  gas  l i n e s  ( s e e  Figure 4 ) .  Four wall- 
mounted burners  are a t  two d i f f e r e n t  v e r t i c a l  e l eva t ions .  The NO, may be  
i n j ec t ed  through a l l  four  burners or j u s t  through t h e  two lower burners .  

The l o c a t i o n  of t h e  i n j e c t i o n  of NO, wi thin t h e  burner is important.  
The d a t a  i n d i c a t e  t h a t  t h e  e x t e n t  of NO, reduct ion v a r i e s  in  a manner con- 
s i s t e n t  with o t h e r  k i n e t i c a l l y  based NO, reduct ion schemes, such as air 
s taging or reburning.  I t  is reasonable to assume t h a t  t h e  concentrat ion of 
NO, would be lower a t  t h e  e x i t  of t h e  furnace if the  NO, is i n j e c t e d  i n t o  
t h e  combustor i n  a more concentrated form. A comparison of NOx reduct ion 
e f f i c i ency  can be made when t h e  NO, is in j ec t ed  with t h e  secondary air 
(test 1 1 )  and with t h e  primary a i r  ( t e s t s  13 and 15).  Tests 13 and 15 show 
a g rea t e r  NO, r educ t ion  e f f i c i ency  because the  primary a i r  c a r r i e d  t h e  NO, 
i n t o  t h e  combustor a t  a higher concentrat ion than d id  the secondary a i r .  
The flow rate of secondary a i r  is about f o u r  times t h a t  of t h e  primary a i r .  
The NO, reduct ion e f f i c i e n c y  would be expected t o  be higher  i f  t h e  NO, is 
in j ec t ed  i n t o  t h e  combustor through the  a u x i l i a r y  gas  l i n e  ( t e s t s  9 and 17) 
r a the r  than through t h e  primary a i r  l i n e  ( t e s t  10).  By u s e  of t he  a u x i l i a r y  
gas l i n e  t o  i n j e c t  the NO,, no other gas  is there to  d i l u t e  the pure NO 
del ivered from t h e  gas  cyl inder .  The h ighes t  NOx reduct ion e f f i c i e n c y  
obtained was when the NO, was i n j e c t e d  i n t o  the furnace through t h e  
aux i l i a ry  g a s  l i n e .  Test 17 showed a 93.9% reduct ion of t h e  e x t e r n a l l y  
in j ec t ed  NO,. This is a very s u b s t a n t i a l  improvement over  t h e  previously 
reported r e s u l t s  ob ta ined  i n  t h e  same furnace [3] .  

Methane doping of the NO, stream, e s p e c l a l l y  when t h e  NO, is concen- 
t r a t ed ,  is be l i eved  to  cause reburning r e a c t i o n s  l ead ing  t o  NO, r educ t ion ,  
a s  shown i n  Equations ( 1 )  and ( 2 )  and i n  Figure 2. The d a t a  i n d i c a t e  that 
t h e  add i t ion  of a small amount of methane t o  t h e  NOx stream g r e a t l y  improves 
t h e  in-furnace NO, reduct ion e f f i c i ency .  T e s t s  18 and 19 show 100% reduc- 
t i on  of recycled NO,. A t  t h i s  condi t ion,  t h e  methane t o  NO, mole ratio w a s  
only 3.9. Other hydrocarbons or reducing gases  could also be good candi- 
dates  as doping r eagen t s  f o r  in-furnace NO, reduct ion.  

System Material Balance f o r  In-Furnace Decomposition of Recycled Nitronen 

Figure 5 shows a schematic diagram of a regenerable  NO, c o n t r o l  process  
in  which t h e  NO, is re in j ec t ed  i n t o  t h e  coa l  combustor for in-furnace 
disposal .  A number of regenerable  NO, c o n t r o l  processes  now under develop- 
ment employ t h i s  approach. In t h e  combustor, "a" mol/h of NO, is being 
produced and is p a r t i a l l y  removed downstream by t h e  so rben t  w i th in  t h e  
reactor  ( abso rbe r ) .  The remaining NO,, (100 - El)a/100 mol/h, is emit ted 
i n t o  t h e  atmosphere. The NO, absorbed i n  t h e  absorber  r eac to r  is sepa ra t ed  
from the  so rben t  through a regenerat ion process and is then recycled back t o  
t h e  combustor for in-furnace d i sposa l .  
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I f  t h e  in- furnace  NO, decomposition e f f i c i e n c y  is not loo%, it would be 
des i r ab le  t o  determine i f  the NO, concent ra t ion  a t  t h e  o u t l e t  of t h e  combus- 
tor would reach steady s t a t e  when t h e  in-furnace NO, d i sposa l  concept is 
applied t o  t h e  o v e r a l l  opera t ion .  

A t  s teady  state, a material balance around t h e  absorber may be def ined  
as follows: 

a + [I100 - c x JlOO - E l ) a l  + , 
100 ) = [ 100 ( 4 )  

Therefore,  

x = a E l / C  (5 )  

Here, E2 is def ined  as the  absorber NOx removal e f f i c i e n c y  r e l a t i v e  t o  t h e  
n e t  mass flow of  NO, en te r ing  t h e  absorber .  

Equations ( 4 )  and ( 6 )  i n d i c a t e  t h a t  t h e  NO, r ecyc le  system w i l l  r each  a 
steady s t a t e  of NO, concent ra t ion  a t  each s t a g e  of the system. For example, 
given a = 100 mol/h, c = 702, and El = go%, the s t eady- s t a t e  r ecyc le  rate x 
can b e  found. From Equation (5 ) ,  x = 128.6 mol/h of NO,. This  impl ies  t h a t  
if the absorber  is designed f o r  s t eady- s t a t e  90% NO, removal from t h e  f l u e  
g a s  produced from the combustor i n  a r ecyc le  mode, t h e  NO, removal capac i ty  
of t h i s  r e a c t o r  (absorber )  must be 128.6 mol/h of NO,. 

Low-NOy Burner and NO, Recycle Combination Process Scheme 

Other p o s s i b i l i t i e s  a l s o  exist to reduce recycled NO,. One technique  
couples a low-NOx burner and in-furnace NO, reduct ion  without t h e  use o f  
hydrocarbon doping (see Figure  5) .  The low-NO, burner f i r s t  reduces the  NO, 
produced from t h e  combustor, thus  reducing the  burden on the  absorber ;  t h i s  
is t h e n  followed by t h e  recyc le  of the  regenerated NO, f o r  in-furnace reduc- 
t i o n .  

An example o f  t h i s  technique is demonstrated as follows ( r e f e r  t o  
Figure 5 and t h e  previous sample c a l c u l a t i o n s ) :  Given a = 73 mol/h NO, 
(assuming a low-NO, burner with 27% NO, reducing e f f i c i ency  is i n  p l a c e ) ,  
c.701 (pe rcen t  of in-furnace reduct ion  of recycled NO,), and the  NO, emis- 
sion c o n t r o l  is 90% removal of t h e  NO, produced i n  t h e  combustor before t h e  
u s e  o f  a low-NO, burner ,  determine i f  t h e  combined NO, reduction through t h e  
coupling of  low-NO, burner and in-furnace reduct ion  o f  recycled NO, can meet 
t h e  90% NO, reduct ion  requirement. 

The answer may bes t  be i l l u s t r a t e d  in a t abu la t ed  form ( s e e  Table 3) by 
comparing o v e r a l l  NO, removal e f f i c i e n c i e s  a t  va r ious  NO, recyc le  r a t e s .  
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Table 3. Combined NO, Reduction Scheme 

X a + (lOO-c)x/lOO ( 100-E 1 )a/100 El 

NO, exiting 
absorbed and NO, entering absorber Overall 
then recycled, absorber, to stack, efficiency, 

ml/h mol/h mol/h % 

60 91 31 69 

70 94 24 76 

80 97 17 83 

90 100 10 90 

NO, 

The calculated results show that given a low-NO, burner with 27% NO, 
reduction efficiency combined with in-furnace reduction of recycled NO, at 
70% efficiency, 90% overall NO, reduction could be maintained. 

CONCLUSIONS 

The location of injection of recycled NO, into the combustor is 
important. A high degree of mixing between the recycled NO, and the entire 
body of oxidizer and/or combustion gas should be avoided. Doping the 
recycled NO, stream with methane is very effective in destroying the 
injected NO,. It is kinetically advantageous to keep the NO, in a concen- 
.trated form when it comes in contact with the reducing gas. It appears that 
this approach generates a locally fuel-rich zone, minimizes the oxidation of 
methane, and probably creates a pool of hydrocarbon radicals that contribute 
to the destruction of NO,. 

Recirculation of NO, to the combustor after the regeneration step, plus 
th use of either hydrocarbon doping or a low-NO, burner, can destruct most 
or all the recycled NO,. These techniques should contribute to the develop- 
ment of cost-effective systems in which greater than 90% NO, removal effi- 
ciencies can be obtained. 

DISCLAIMER 

Reference in this paper to any specific commercial product, process, or 
service is to facilitate understanding and does not necessarily imply its 
endorsement or favoring by the United States Department of Energy. 
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ABSTRACT 

Coolside desul fur izat ion i s  a n  emerging SO, contro l  technology, i nvo l v ing  inject ion of 
a dry sorbent  such a s  hydrated lime and f lue gas humidif icat ion b y  water spray ing,  
downstream of t h e  a i r  preheater in a coal-fired boi ler  unit. The sorbent  ent ra ined 
in t h e  f lue gas removes SO, in the humidif icat ion zone. It also removes SO, in the 
par t icu la te l aye r  col lected by the ESP o r  baghouse. Based on  pilot-scale data, t he  
desul fur izat ion mechanism in the  humidif ier is  highly complex. Hydrated lime 
ent ra ined in t h e  f lue gas rap id ly  reacts w i t h  SO, a t  high re la t ive humid i ty  condit ions 
but, in the  absence of liquid water, t he  reaction ut i l izes on ly  a small f ract ion of t h e  
sorbent. T h e  presence o f  water droplets in the humid i f ier  s ign i f icant ly  increases the  
sorbent e f f ic iency a n d  the SO, removal level by making t h e  sorbent-SO, reaction 
more effect ive. Increasing t h e  water droplet  size also increases the SO, removal in 
t h e  humidif ier. 

T h i s  paper discusses the  resu l t s  o f  p i lo t  tests which studied the mechanisms of 
SO, capture b y  h y d r a t e d  lime in the presence and absence o f  water droplets  in t h e  
f lue gas. 

INTRODUCTION 

Coolside desul fur izat ion involves injection o f  a dry sorbent [ typ ica l ly  hyd ra ted  l ime] 
followed by f l u e  g a s  humidification w i th  liquid water sprays in the  duc twork  
downstream of the a i r  preheater in a coal-fired boi ler. SO, is  removed by t h e  
entrained sorbent  par t ic les in the humidif icat ion zone and by the sorbent bed in t h e  
par t icu la te col lector. Since sorbent residence time in the humid i f ier  is  v e r y  sho r t  
( typ ica l ly  1-3 seconds], a highly active sorbent  is  needed for a s ign i f icant  humid i f ier  
SO, removal. Water-soluble addit ives can be injected wi th  t h e  humidif icat ion water 
t o  enhance t h e  sorbent  act iv i ty .  

The  concept o f  Coolside technology was successful ly demonstrated by Consolidation 
Coal Company (Consol) in 1 MW field tests  a t  Mart insvi l le, Virginia, in 1984 ( 1 , 2 ) .  
In t h e  f ield tests, SO, removals u p  to  75-80% were achieved across a p i lo t  h u m i m e r  
and  ESP at sorbent  u t i l izat ions ranging up to 35-40%, using commercial hyd ra ted  lime 
w i t h  NaOH as t h e  addi t ive.  The f ield resul ts  indicate that  the presence o f  l i qu id  
water droplets  p lays a key role for high humidif ier SO, removal. The sorbent  
act iv i t ies  in t h e  f i e ld  tests were s ign i f icant ly  h igher  than  those observed in 
laboratory d i f f e ren t i a l  reactor tests under  humid f lue gas condit ions wi thout  
evaporating water  droplets  (11. 

T o  improve t h e  process performance th rough  process optimization and  improved 
sorbent  development. Consol constructed a 0.15 MW pilot test unit (31. A f i r s t  
series o f  process variable tests made in the  p i lo t  unit ( 3 )  confirmed thQconsis tency 
o f  t h e  pi lot SO, removal data w i th  the removals observed-in t h e  1 MW f ie ld  tests. 

Th i s  paper describes the  resu l t s  o f  a subsequent p i lo t  research program, which 
s tud ied the SO, removal mechanisms in the  humidif ier. Two types o f  tests were 
conducted : 
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0 Tests w i t h  steam humidif icat ion, t o  s tudy  sorbent-SO, reactions at close 
approach to  adiabatic saturation and sho r t  contact times, b u t  in the absence o f  
water droplets .  

Tests w i t h  water spray humidif icat ion downstream o f  the lime inject ion (Coolside 
humidif icat ion), w i th  v a r y i n g  nozzle atomizing conditions t o  produce d i f f e r e n t  
droplet  sizes and d r y i n g  times. 

0 

TEST METHODS 

The  tests o f  humidif ier SO, removal mechanisms were made us ing the 0.15 MW 
Coolside p i lo t  unit. Both the  steam humidif icat ion tests and the water sp ray  
humidif icat ion tests  were conducted in th i s  un i t .  

Pi lot Un i t  

F igure 1 shows a schematic o f  t he  p i lo t  unit. The unit consists o f  a f l u e  gas 
generation system, Coolside process system ( inc lud ing lime injector and humid i f i e r ) ,  
a baghouse, and continuous f lue gas sampling and analysis systems. The  f l u e  gas 
leaving the baghouse is recycled af ter  removal o f  excess moisture by a condenser /  
separator, p rov id ing  about 80% o f  the f l ue  gas requirement. The recycle gas  is 
mixed w i th  t h e  f l ue  gas in t roduced from a natura l  gas bu rne r .  By inject ing CO,, 
H,O, SO, and fly ash in to  th is  combined gas, t h e  inlet f lue gas conditions c a n  be 
matched t o  the  f l ue  gas condit ions downstream o f  the a i r  preheater in a coal-f ired 
boi ler. The f l y  ash content was about 4 g ra ins l sc f  f lue gas and the SO, con ten t  
was 1500 ppm in the  tests repor ted here. The  p i lo t  humidif ier is a ve r t i ca l ,  
8.3-inch ID, cy l indr ica l  d u c t  and prov ides a 20-foot down-flow humidif icat ion zone. 
The  f lue gas velocity is  variable from 8 to  25 f t lsec,  g i v ing  0.8-2.5 sec residence 
times. The humid i f ier  has thermocouples and observation por ts  every two feet along 
i t s  length. Hydrated lime (Table 1 )  is  injected i n to  the f lue gas a t  the top  o f  t h e  
humidif ier. A series o f  d i s t r i bu t i on  plates i s  placed between the lime in jector  and 
the  spray nozzle locations to  prov ide sol ids mix ing and uni form gas flow. In a l l  t he  
tests  w i th  water spray ing,  commercial two- f lu id  (air/H,O) nozzles were used. The 
nozzle water flow controls the  humidif ier e x i t  gas temperature for the des i red  
approach to saturation. A water soluble addi t ive such as NaOH can be fed as an 
aqueous solution i n to  the  humidif icat ion water stream. 

The  p i lo t  baghouse has a total c lo th area o f  115 ft’, g i v ing  a maximum a i r l c l o t h  ra t i o  
o f  4.1 acfml f t ’  a t  150OF. 

The  p i lo t  u n i t  is  instal led w i th  two continuous SO,/O, f lue gas analysis systems to  
measure the process SO, removal. The 0, analyses are used t o  correct  f o r  a i r  
in-leakage. The !,02 removal can be measured across the humidifier only o r  across 
t h e  humidif ier and baghouse. The  humidif ier ex i t  gas sampling system was special ly 
designed to prevent  f u r the r  SO, reaction wi th  reactive solids in the sample system. 

Steam Humidification Tests 

In t he  steam humidif icat ion tests, a low-temperature (<18OoF) gas stream was 
produced b y  runn ing  the combustor a t  v e r y  low load and operating wi th  a high 
recycle. The  gas was then  humidif ied w i t h  steam upstream o f  the h y d r a t e d  lime 
inject ion point. The  humidif ier in le t  f lue gas in the steam humidif icat ion tes ts  was 
equivalent t o  the f l ue  gas a f te r  complete droplet  evaporation wi th  water spray humid i -  
fication. Since the  f lue gas was free o f  water droplets, the tests measured SO, 
removal in a d r y  b u t  humidif ied environment. Experimental variables were approach 
t o  saturation (1O-6O0F), and  Ca/S molar ra t i o  (1-2). 
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Water Spray Humidif icat ion Tests 

In t h e  water sp ray  humidif icat ion tests, a high-temperature (ca. 300OF) simulated 
f l ue  gas was humid i f ied t o  a close approach t o  adiabatic saturation (20-25OF) by 
sp ray ing  liquid water  in t h e  humidif ier downstream o f  t he  lime inject ion point .  
Therefore, liquid water  droplets  were present  w i t h  t h e  entrained sorbent u n t i l  t h e y  
evaporated completely. In these tests, three d i f f e ren t  atomizing nozzles were tested, 
each under  widely  v a r y i n g  atomizing a i r  pressures l f lows.  The  v a r y i n g  degrees of 
atomization y ie lded sp rays  w i th  widely v a r y i n g  d rop le t  size d is t r ibut ions and  drying 
times (0.7-2.1. sec a t  30°F approach). Other  experimental variables were approach 
(20-6OOF). Ca lS  (1 to 2 b y  mol) and NaOH/Ca(OH), addi t ive ra t io  (0  t o  0.1 b y  
mass). 

RESULTS AND DISCUSSION 

React iv i ty  o f  En t ra ined  Lime Particles in Humidif ied Flue Gas 

Tests  wi th  steam humidif icat ion (F igure 2) revealed that  entrained hyd ra ted  l ime 
par t ic les have a substantial act iv i ty  for  SO, cap tu re  under  humidif ied f l ue  g a s  
condit ions (a t  low approach to saturation wi thout  the presence o f  l i qu id  water  
droplets ] .  A t  25OF approach t o  saturation, 2 CalS molar ra t i o  and 2 second contact  
time, the SO, removal was 238. This level of SO, removal in the sho r t  contact t ime 
shows that h y d r a t e d  lime part icles have a high in t r i ns i c  ac t i v i t y  under  the  humid i f ied 
conditions, even in t h e  absence o f  water droplets. Th i s  result indicates that  a 
s ign i f icant  SO, reduc t i on  is  possible in the humidif ier by lime which is  not  d i r e c t l y  
wet ted b y  water droplets .  It also indicates that  t he  lime can continue t o  capture a 
signif icant amount o f  SO, even af ter  complete evaporation o f  water sprays. 

T h e  act iv i ty  o f  ent ra ined lime particles under  humidif ied conditions increased 
s ign i f icant ly  w i t h  increasing relative humid i ty  (F igure 2 ) .  The SO, removal at  
2 Ca lS  mole ra t i o  increased from 12% to 40% as t h e  approach to adiabatic saturat ion 
(ca. 125OF) decreased from 6OoF (about 20% re la t ive humid i ty)  to  10°F (about 75% 
re la t ive humid i t y ) .  A t  1 Ca/S rat io, the SO, removal increased from 7% t o  20% w i t h  
t h e  same change in t h e  approach. 

A t  h igher  approaches, t he  SO, removal was no t  as sensit ive t o  the  level of 
approach. As shown in the  f igure, there was l i t t l e  d rop  in removal from 45OF t o  
6OoF approach. A t  v e r y  high approach (13OOF). t h e  removal was s t i l l  5 t o  6% at  
2 Ca lS  rat io. 

T h e  observed e f fec t  o f  the approach t o  adiabatic saturation ( o r  f lue gas humid i ty)  on 
t h e  SO, removal may be  due to  the posit ive ro le  of  physical ly adsorbed water on  t h e  
i n te rna l  and ex te rna l  surfaces o f  porous lime part icles. The amount o f  water  
adsorbed a t  equ i l i b r i um on the lime surfaces increases s t rongly  w i th  increas ing 
humid i ty  (!I. F igu re  3 shows that  the observed SO, removals at v a r y i n g  humid i t ies 
(data from F igu re  2) can be correlated near ly  l inear ly  wi th  the  calculated number of 
monolayers o f  absorbed water (Table 2). based o n  data from a publ ished s tudy  of 
water vapor equ i l i b r i um adsorption on s i x  d i f ferent  hydrated limes as a funct ion of 
humid i ty .  T h e  s t u d y  showed that  the adsorption p e r  u n i t  lime surface area ( o r  
equivalently t h e  number of H,O layers) was independent o f  the lime source. F o r  
example, t h e  equ i l i b r i um amounts o f  H,O adsorpt ion o n  lime are roughly  1.3 and 1.9 
monolayers a t  5O0F a n d  25OF approaches, respectively. In the  steam humid i f icat ion 
tests, it is  no t  c lear  whether the lime rap id ly  adsorbed water t o  near the  equ i l i b r i um 
level a f ter  in ject ion i n to  the f lue gas o r  if the  close approach allowed retention of  
t h e  original surface moisture on the lime. Pi lot tests w i th  va ry ing  in i t ia l  l ime 
sur face moisture contents  can address th i s  question. 
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The  SO, removal by lime part icles in steam humidif ied f lue gas increased w i t h  
increasing lime feed rate in almost d i rec t  p ropor t i on  w i t h  t h e  CalS mol ra t io .  Thus ,  
t he  observed sorbent ut i l izat ion eff iciency remained nearly constant w i t h  
increasing CalS. F igure 2 shows that  t he  SO, removal a t  each approach r o u g h l y  
doubled as the  CalS mol ra t io  doubled from 1 t o  2. These resul ts  are consis tent  
w i th  the  fact  t ha t  t h e  increased sorbent  loading did not change s ign i f i can t l y  t h e  
environment for  su l fu r  capture for ind iv idual  sorbent  part icles. Except  fo r  t h e  10°F 
approach tests, t he  dif ferences in t h e  f lue gas SO, par t ia l  pressure were  no t  
signif icant a t  the two d i f ferent  CalS mol rat ios because o f  t h e  re la t ive ly  low levels  o f  
SO, removal. In the  10°F approach tests, t he  SO, par t ia l  pressure was apprec iab l y  
lower at t h e  h igher  CalS mol rat io, b u t  t h i s  did n o t  a f fect  t he  performance o f  
ind iv idual  sorbent part icles. 

Effect o f  Water Droplets 

Tests w i th  water spray (Coolside) humidif icat ion c lear ly  indicate that  t h e  presence o f  
l iqu id  water droplets substantial ly enhances desulfurization performance. F i g u r e  4 
shows that  a t  the same f inal approach t o  saturation, humidif ier SO, removals w i t h  
water spray humidif icat ion signif icantly exceeds t h a t  w i t h  steam humidif icat ion. A t  
25OF approach and 1 CalS ratio, t he  humidif ier removal was 30% w i th  Coolside 
humidif icat ion, as compared w i th  12% w i th  steam humidif icat ion. A t  45OF approach, 
t h e  respective removals were 13% and  6%. The f lue gas residence time in  t h e  
humidif ier in Coolside tests was 1.7-2.0 seconds, similar to  t h a t  in t h e  steam 
humidif icat ion tests. Water was atomized us ing  the  Spray ing Systems J-12 nozzle 
w i th  100 ps ig  atomizing a i r  pressure. 

The  s ign i f icant  enhancement o f  the sorbent  performance in the  presence o f  
evaporating water droplets  must resu l t  from the wet t ing o f  lime par t ic les by water 
droplets  th rough  droplet-part icle collisions. Th is  wet t ing b y  water droplets  would 
be v e r y  ef f ic ient  in supply ing moisture to  t h e  lime surfaces and would increase t h e  
water content in the  lime part icles well above tha t  possible by phys ica l  adso rp t i on  
alone. 

The humid i f ier  SO, removal under  condit ions o f  water spray ing increased s ign i f i -  
cantly w i th  closer approaches to saturation (F igures 4 and  5). The  removal a t  
1 CalS increased from 13% to 31% as the  approach decreased from 45OF to 25OF. 
Above 45OF approach, the removal was less sensit ive t o  the approach. 

A lower approach t o  saturation can enhance SO, removal under  Coolside humid i f y ing  
condit ions in 'two ways. F i rs t ,  a h igher  liquid water feed rate is  requ i red  a t  a lower 
humidif ier e x i t  temperature. The theoretical water requirements f o r  cool ing t o  45OF, 
3OoF and 25OF approaches in the above r u n s  were 0.288, 0.329, and  0.354 gal l1000 
sc f  f l ue  gas, respectively. The increased water spray ing capacity increases t h e  
probabi l i ty  o f  sorbent ldroplet  interactions. Secondly, the lower approach increases 
water evaporation time. Th is  allows the wetted lime part icles t o  re ta in  mois ture 
longer on the  par t ic le  surfaces. 

The  effect o f  CalS mol ra t io  observed in the  Coolside tests w i t h  water d rop le ts  
present  was somewhat d i f ferent  from t h a t  observed in steam humidif icat ion tests .  In 
t h e  Coolside tests, increasing the lime feed increased humidif ier SO, removals, but 
not  in d i rec t  propor t ion t o  the increasing Ca lS  rat io  (F igure 5 ) .  The  incremental 
effect of addit ional sorbent diminished w i th  increasing CalS ratio, pa r t i cu la r l y  at t h e  
v e r y  close (25OF) approach. Therefore, sorbent u t i l izat ion eff iciency decreased w i t h  
increasing CalS rat io. As shown in F igu re  5, humidif ier SO, removal a t  25OF 
approach was rather  insensit ive to CalS ra t i o  from 1 t o  2, increasing from 30 t o  only 
34%. Addit ional s tudy  is  requi red t o  ident i fy  t he  causes o r  mechanisms for t h e  
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reduced sorbent  u t i l i za t i on  eff iciency w i t h  increas ing sorbent loading. One possible 
explanation i s  t h a t  t h e  f ract ion o f  the to ta l  sorbent  part icles impacted b y  the water 
droplets  may b e  smaller a t  a h igher  sorbent par t ic le  loading. 

E f fec t  of Droplet  Size and  Evaporation Time 

Tests  wi th  Coolside humidif icat ion wi th  widely  v a r y i n g  degrees o f  water atomization 
showed that  SO, removal in the  humidif ier was h ighe r  wi th  larger  water droplets a n d  
longer  droplet  d r y i n g  times a t  the same f inal approach t o  saturation. Th is  resu l t  
indicates tha t  l a rge r  droplets  may p rov ide  more sorbent-droplet in teract ion because 
o f  either the i r  longer  drying times o r  h ighe r  collection efficiencies. The effect of 
d rop le t  size f u r t h e r  confirms the important role o f  water droplets  in the  Coolside 
desulfurization mechanism. 

In the Coolside atomization tests, three d i f f e ren t  nozzles (Spray ing Systems J-12, 
Caldyne 2 mm, and  Heat Systems Sonimist 700-3) were tested under  widely v a r y i n g  
atomizing a i r  p ressu res  and  flows. T h e  var ia t ion in nozzle t y p e  and atomizing 
pressure produced a wide variat ion in t h e  drying time in the  humidif ier (Table 3 ) .  
T h e  d ry ing  time va r ia t i on  resulted pr imar i ly  from dif ferences in water droplet  size 
d is t r ibut ions p roduced  a t  d i f ferent  atomizing a i r  pressures, although droplet  sizes 
were  not exper imenta l ly  measured in this s tudy .  Humidif ier center- l ine gas 
temperature prof i les  were used to  estimate drying times in the tests. F igure 6 
shows such prof i les  fo r  t h e  Spraying Systems J-12 nozzle humid i fy ing a 3OOOF f l u e  
gas to 3OoF approach a t  d i f ferent  atomizing a i r  pressures. When enough 
unevaporated water  droplets  were present  in the  f lue gas to  wet the  center- l ine 
thermocouples, t h e y  read a t  o r  close t o  the adiabatic saturation (wet b u l b )  
temperature. As complete evaporation was approached the thermocouple readings 
approached the  humid i f ier  e x i t  bulk gas (dry bu lb )  temperature. Thus  d r y i n g  t ime 
was estimated f rom t h e  po in t  at which t h e  prof i le  leveled out  a t  t h e  humidif ier e x i t  
temperature to w i t h i n  thermocouple e r r o r  (23OF). The residence time is  based o n  
t h e  plug flow gas ve loc i ty  a t  t he  average humid i f ier  temperature. Based on  t h e  
temperature profi les, the drying time w i t h  t h e  Spray ing Systems J-12 nozzle a t  3OoF 
approach increased from roughly  0.8 t o  2.0 seconds as atomizing a i r  pressure 
decreased from 115 ps ig  t o  45 ps ig .  T h i s  reduct ion in the  atomizing a i r  pressure 
reduced t h e  atomizing a i r  flow through the  nozzle. D r y i n g  time w i t h  the  Caldyne 
nozzle was var iab le f rom 0.8-1.2 sec a t  3OoF by changing the  a i r  pressure from 90 t o  
70 ps ig  (Table 3) .  The Heat Systems nozzle showed l i t t l e  o r  no  variat ion in t h e  
drying time wi th  air pressure (F igure 7). 

F igu re  8 shows t h a t  the humidif ier SO, removal wi th  the Spray ing Systems J-12 
nozzle increased s ign i f icant ly  wi th  decreasing atomizing a i r  pressure and increasing 
drying time. T h e  removal a t  3OoF approach and  1.5 Ca/S rat io  increased from 20% to 
28% as atomizing p ressu re  dropped from 115 ps ig t o  55 psig. A similar effect was 
observed a t  45OF approach, the removal increasing from 15 t o  19% over 115 t o  45 
p s i g  air pressures (Table 3). W i t h  0.1 NaOH/Ca(OH), addi t ive injection, t h e  
increase was from 34% to 41% from 115 t o  55 ps ig  a i r  pressure, a t  3OoF approach a n d  
1.5 Ca/S ratio. 

Us ing  the Caldyne nozzle, the humidif ier SO, removal a t  45OF approach increased 
f rom 15% to 25% w i t h  decreasing atomizing a i r  pressure from 90 ps ig  t o  50 psig. A t  
3OoF approach, t h e r e  was no t  as much var ia t ion in d r y i n g  time (Table 3 )  wi th  a i r  
pressure (90-70 p s i g )  and thus  less var ia t ion in the  SO, removal (23 t o  26%). 

T h e  observed SO, removal us ing the  Heat Systems nozzle was lower than  wi th  t h e  
o the r  two nozzles tested, because it produced ve ry  small rap id l y  evaporating 
droplets, independent  of t he  atomizing a i r  p ressu re  (F igure 7). A t  3OoF approach 

488 



and  1.5 Ca/S, the  removals were 19-21%. independent o f  t he  atomizing a i r  pressure,  
as compared w i t h  the 20-28% range  observed w i t h  the  other nozzles. A t  45OF 
approach, removals ranged 10-12%. compared w i t h  15-258 observed w i t h  the  o t h e r  
nozzles. 

- SO, Removal in Baghouse 

The  baghouse p rov ided  signif icant SO, capture in bo th  the  steam humidif icat ion and  
Coolside humidif icat ion tests. T h e  relat ive baghouse SO, removals, based on  the  
SO, content a t  t he  baghouse inlet,  depended heavi ly  o n  approach t o  saturation. In 
the steam humidif icat ion tests, t he  re la t ive removal a t  1 Ca/S increased f rom 9% t o  
48% w i th  decreasing approach from 6OoF t o  1 0 O F .  The  re la t ive removal also depended 
on  Ca/S rat io, rough ly  doubling as CalS increased from 1 t o  2,  a t  lower approaches 
in t h e  steam humidif icat ion tests. The relat ive baghouse SO, removals observed 
during Coolside test ing were about  the same o r  a l i t t l e  less than  d u r i n g  steam 
humidif icat ion tests. The total SO, removals (across t h e  humid i f ier  and baghouse) 
were 38% and 21% wi th  Coolside humidif icat ion and steam humidif icat ion, respect ive ly ,  
a t  25OF approach and 1 Ca/S wi thout  NaOH (addi t ive)  injection. The residence time 
o f  solids in t h e  baghouse during the  p i lo t  tests ranged 1-2 hours. Because the 
average solid residence time in the  baghouse var ied and because some sol ids d ropped  
ou t  in the baghouse hopper before reaching the  bags, observed baghouse removals 
prov ide only qual i ta t ive desulfurization data. 

CONCLUSIONS 

Pilot test resul ts  w i t h  steam and water humidif icat ion indicate t h a t  t h e  SO, cap tu re  
mechanisms by entrained hyd ra ted  lime a re  highly complex and s t rong ly  dependent 
on  the  humidif icat ion level (approach t o  adiabatic saturation). Hyd ra ted  lime 
part icles have a signif icant ac t i v i t y  and thus p rov ide  considerable SO, removal in 
only  a few seconds o f  entrainment in the f lue gas under  highly humid i f ied f l ue  gas 
condit ions w i t h  no water droplets. The adsorbed lime surface moisture may p l a y  a 
key role for t h e  desulfurization reaction based o n  t h e  s t rong posit ive ef fect  o f  the 
approach t o  saturat ion on SO, removal. The  presence o f  evaporating water d rop le ts  
enhanced the  SO, removal by the  entrained hyd ra ted  lime par t ic les s ign i f icant ly .  
The wet t ing o f  lime part icles by water droplets may p lay  a key  role in the  enhanced 
performance. The beneficial e f fect  o f  t he  water was greater  a t  a lower approach t o  
saturation and w i th  larger  droplets. The above resul ts  indicate t h a t  time in ject ion 
p r i o r  t o  water spraying, as in t h e  Coolside process, i s  important f o r  maximum 
sorbent  u t i l izat ion eff iciency and SO, removal. Addit ional ly, t he  sorbent  e f f ic iency 
o f  t h e  Coolside process may be  increased by modi fy ing the lime p roper t i es  for  
improved ac t i v i t y  under  humidif ied f lue gas condit ions and by increas ing t h e  lime 
part icle-water droplet  interactions fo r  enhanced wet t ing o f  t h e  part icles. 
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TABLE 1 

CHEMICAL AND PHYSICAL ANALYSES 
OF DRAVO LONGVIEW HYDRATED LIME (a) 

Chemical Analyses, w t  % P a r t i c l e  Size Analyses, w t  % 
Moisture 0.21 +325 mesh 21.6 
Ash 75.59 -325 mesh 78.4 
Carbonate 1.75 

Ash Elemental, ut % BET Analyses 

0.01 Surface Area, m2/g 17.3-20.3 
0.02 

97.42 
2.25 
0.10 
0.02 
0.01 
0.54 
0.57 
0.07 

101.01 

(a) Typical ana lys i s  o f  batch used i n  p i l o t  test ing.  

TABLE 2 

APPROXIMATE EQUILIBRIUM WATER ADSORPTION FOR HYDRATED LIME 
BASED ON PUBLISHED DATA (4) 

Approach t o  
Saturat ion L!L- No. Monolayers 

Water Adsorbed a t  Equ i l i b r i um 

60 
45 
30 
25 
15 
10 

0.00053 
0.00059 
0.00069 
0.00075 
0.00087 
0.00 100 

1.3 
1.5 
1.7 
1.9 
2.2 
2.5 

Based on data a t  158°F f o r  s i x  d i f f e r e n t  hydrated limes. 
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Approach 
O F  

Spraylng Systems 5-12 45 
45 
45 
45 
45 
45 

30 
30 
30 
30 
30 

30 
30 
30 
30 
30 

Cdldyne 

Heat Systems 

30 
30 
30 

45 
45 
45 
45 

45 
45 
45 
45 

30 
30 
30 
30 

TABLE 3 

ATOMIZATION TEST RESULTS 

NaOH/ 

mass 

0 
0 
0 
0 ’  
0 
0 

0 
0 
0 
0 
0 

0.1 
0.1 
0.1 
0.1 
0.1 

0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

Ca( OH) ,, 

115 
100 
85 
70 
55 
45 

115 
100 
85 
70 
55 

115 
100 
85 
70 
55 

90 
80 
70 

90 
80 
60 
50 

70 
60 
55 
45 

70 
60 
55 
45 

Atanl r tng A l r  
6 C f /  

gsl2 

78 
69 
57 
51 
44 
38 

74 
63 
56 
46 
40 

62 
54 
47 
39 
34 

131 
119 
101 

159 
139 
108 
92 

_-- 
295 
273 
213 

-_- 
271 
260 
21 2 

Estlmatad 
Drylng lime, 

SOC 

0.5-0.7 
0.9-1.1 

1.1-1.5 
1.5-1.9 
1 .7-1.9 

0.7-0.8 
0.8 
1 .o 
1.9-2.1 
1.9-2.1 

0.7-0.8 
0.8 
1 .o 
1.9-2.1 
1.9-2.1 

0.8 
0.9-1.1 
1 .o-1.4 

0.5-0.8 
0.7-0.7 
1 .o-1.2 
1.5-1.8 

0.6-0.8 
0.6-0.8 
0.6-0.8 
0.6-0.8 

0.7-0.8 
0.7-0.8 
0.7-0.8 
0.7-0.8 

Humi d i  f i or 
SO, Rmmval 

8 

15 (15) 
15 (14) 
17 (16)  
17 (18) 
19 
19 

20 (20)  
23 
24 (24)  
27 
28 

34 (36) 
39 
41 
40 (41)  
41 

23 (23)  
24 (26) 
26 

15 (14) 
18 
21 (20)  
25 

10 
10 
11 ( 1 2 )  -_ 
19 
19 
21 
23 

Numbers in parentheses a re  repeat tests. 
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Figure  1 .  Schematic of P i l o t  U n i t .  
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Figure 6. Humidifier Temperature Profile. Spraying Systems 5-12 Nozzle. 

494 



160 - 

150 

LL 
0 

140 
3 c, 

L 

8 1 3 0  
I- 

120 

COMMON CONDITIONS 
80 O F  APPROACCI 

SO0 O F  NLET TEMP. 

110 ! I I I I I 1 I I I 
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 

Drying Time, sec 

Figure 7. Humidi f ier  Temperature P r o f i l e .  Heat Systems 700-3 Nozzle. 

35 

33 

31 
M 

," 29 
m 

27 

0" 25 

k 23 

5 
w 

v) 

.r u- 

.r 

2 21 
E, 

19 

17 

15 

I 

D I n i t i a l  T r i a l  
+ Repeat T r i a l  

I 1 I I I I 

70 90 110 
Atomizing A i r  Pressure, p s i g  

Figure 8. E f f e c t  o f  Atomization on SO, Removal. Spraying Systems 5-12 Nozzle. 

495 



THE MECHANISM OF CaO SULFATION I N  BOILER LIMESTONE INJECTION 

M. R. Stouf fer ,  H. Yoon and F. P. B u r k e  

CONSOLIDATION COAL COMPANY 
Research 6 Development Department 

4000 Brownsvi l le  Road 
L ib ra ry ,  P A  15129 

ABSTRACT 

Pilot and industr ial-scale tests o f  boi ler limestone inject ion (BLI) have demonstrated 
f lue gas SO, reduct ions o f  around 50% a t  sorbent ut i l izat ion efficiencies o f  15-20%. 
The  objective o f  t h e  laboratory  research program described in t h i s  paper  was to 
improve BLI sorbent  u t i l izat ion t h r o u g h  a n  understanding o f  t he  limestone calcination 
a n d  CaO sul fa t ion react ion mechanisms. T h i s  paper describes t h e  laboratory  sulfa- 
t i on  studies. The  laboratory  work  used a d i f ferent ia l  reactor operated a t  700-10OO0C 
and  lab-produced calcines from limestones, dolomites, and hyd ra ted  limes, hav ing  
par t ic le  sizes in a range  applicable t o  BL I .  The  lab work determined the  i n t r i ns i c  
su l fa t ion reaction r a t e  and rate-contro l l ing steps over th is  temperature range. The 
in t r i ns i c  ra te  increased w i th  the  square o f  calcine surface area and was ra te  
contro l l ing only a t  temperatures below 800OC. A t  t he  higher temperatures more 
applicable t o  BLI ,  t h e  sulfat ion rate was l imited by po re  d i f fus ion o f  SO, and po re  
p lugg ing  b y  the su l fa te product .  Therefore,  the reaction rate and  the  saturated 
sorbent  e f f ic iency depended s t rong ly  on par t ic le  size and calcine po re  s t ruc tu re .  
The  lab data ind icate tha t  an  optimum calcine pore s t ruc tu re  can be  obtained b y  
appropr ia te ly  evaluat ing sorbents, cont ro l l ing calcination conditions and  incorporat ing 
alkal i  addi t ives in t h e  sorbent. 

INTRODUCTION 

Boiler limestone in ject ion i s  a low capi ta l  cost SO, control technology, i nvo l v ing  
inject ion o f  pu l ve r i zed  limestone in to t h e  high-temperature (1000-13OO0C) regions of a 
coal-fired furnace. A l ternate calcium sorbents, such as hydrated lime and dolomite, 
can also be used. In 1984, Consolidation Coal Company (Consol) successful ly 
demonstrated the  technology us ing  a 15 hlW indust r ia l  boi ler a t  Du Pont’s Mar t insv i l le  
ny lon  p lan t  ( 1 ) .  T h e  ta rge t  50% SO, removal was achieved by in ject ing limestone at 
2.5-2.75 C a l g  molar ratios, corresponding t o  18-20% sorbent u t i l izat ion eff iciencies. 
Since then, Consol has conducted a n  extens ive laboratory program s tudy ing  the  
fundamental mechanisms involved in BLI. T h e  objective has been to  s ign i f icant ly  
improve the  sorbent  ut i l izat ion by app ly ing  t h e  fundamental information f o r  process 
improvement. 

SO, removal b y  BLI involves sequential calcination and sulfat ion reactions: 

Calcination: CaCO, - CaO + CO, 

Sulfation: CaO + SO, + 112 O,-CaSO,, 

These reactions have  been widely  studied; however, much o f  t he  publ ished w o r k  has 
been l imited to  low surface area (<S m ’ l g l ,  large par t ic le  size (ca. 1 mm) calcines 
(CaO), applicable to fluidized bed  combustion. The reactivi t ies observed w i t h  these 
calcines are too low to  prov ide s ign i f icant  SO, reduction in BL I  (2). More recen t  
studies a t  EPA (3-6) us ing  v e r y  f ine (ca. 1 micron) limestone p a r t k l e s  have shown 
tha t  v e r y  high s u r f a c e  area calcines (up t o  80 m21g) could b e  produced by 
d i f ferent ia l  calcination in a dispersed-phase system. In these studies, t h e  i n t r i n s i c  
sulfat ion ac t i v i t y  o f  t he  v e r y  f i ne  calcine par t ic les was proport ional t o  the square of 
the  calcine BET sur face area. Th is  resu l t  suggests that  product ion o f  a high 
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surface area calcine may be c r i t i ca l  f o r  BLI processes. However, t he  1 micron 
limestone par t ic le  size used In t h e  EPA studies i s  much smaller t han  pract ica l  sizes 
fo r  BLI. 

Th i s  paper repo r t s  a laboratory  s t u d y  o f  calcination and su l fa t ion fo r  sorbent  
samples hav ing  a range o f  pa r t i c l e  sizes applicable to  BLI .  Detai led resu l t s  of t he  
calcination s t u d y  were prev ious ly  repo r ted  (7) .  In th is  work, calcines hav ing  up t o  
70 ml/g surface area were produced under  d i f ferent ia l  and dispersed condi t ions from 
pulver ized limestone samples applicable t o  BLI .  Calcine sur face area depended o n  
exposure time, temperature, CO, pa r t i a l  pressure, and stone proper t ies.  A k ine t i c  
model de r i ved  fo r  the calcination reaction indicated t h a t  calcination occu rs  v e r y  
rap id l y  (<0.1 sec l  a t  BL I  temperatures. 

In the sulfat ion s tudy,  the i n t r i ns i c  su l fa t ion kinetics and rate-control l ing s teps  were 
determined w i t h  lab-produced calcines from limestones, dolomites, and  h y d r a t e d  
sorbents. In addition, the ef fect  o f  alkal i  addi t ive incorporation o n  limestone was 
studied as a means o f  enhancing su l fa t ion performance o f  calcines. T h e  temperature 
range o f  700-100OoC, l imited by t h e  experimental apparatus, was lower than  t h e  B L I  
temperature range o f  1000-13OO0C. However, t he  lab data p rov ided  valuable i ns igh t  
i n to  BL I  s u l f u r  capture mechanisms and  comparison o f  d i f ferent  sorbent  performance. 

EXPERIMENTAL 

Test Sorbents 

Twelve test  sorbents were evaluated inc lud ing e ight  d i f f e ren t  limestones, two 
dolomitic stones, a hydrated lime and  a pressure-hydrated dolomite (Table 2 ) .  
These sorbents var ied widely in pa r t i c l e  size as indicated by the i r  spec i f ic  sur face 
mean diameters, and yielded calcines w i t h  widely va ry ing  BET sur face areas (35-70 
m2 /g ) .  Most o f  t he  kinetic data were obtained fo r  calcines produced f rom one stone, 
t he  Dravo Maysvi l le -100 (#1) .  The  other  stones in Table 1 were tested for 
comparison. 

Di f ferent ia l  Reactor 

A dif ferential reactor (Figure 1) was used t o  calcine sorbent samples a n d  t o  measure 
the  sulfat ion performance of t h e  calcines. Th is  unit allowed contro l  o f  react ion 
temperature to  wi th in  f3OC and  sorbent/SO, contact time t o  w i th in  f l  sec. T o  
maintain d i f ferent ia l  sulfation condi t ions wi th  respect t o  SO, par t ia l  p ressu re  and 
temperature and  t o  eliminate bulk mass t ransfer  resistance, v e r y  small sorbent  
samples (down t o  8 mg) well-dispersed in quar t z  wool and  la rge  f lows [up t o  70 
scfh) o f  SO,-containing sweep gas were used. Di f ferent ia l  su l fa t ion condi t ions were 
confirmed up t o  90o-95O0C. Dif ferent ia l  conditions were no t  possible above 95OOC 
because o f  t he  extremely high Sulfation rate. A few tests  a t  1000°C p r o v i d e d  
saturated sorbent  ut i l izat ion data, but no  accurate ra te  data. 

Test  Procedures 

Before sulfat ion, t he  sorbent was, calcined In the dif ferential reactor, under  a p u r g e  
flow o f  a i r  a t  t he  same temperature as the  subsequent sulfat ion. T h e  calcination 
contact time was set to  control t h e  calcine surface area. Fo r  r u n s  w i t h  low sur face 
area calcines, t he  sorbent was calcined external ly  in a muf f le  furnace. A f t e r  
calcination was complete, t he  p u r g e  gas was switched immediately t o  a n  SO,- 
containing gas containing 80% N,, 15% CO,, 5% 0, and 750-3000 ppm SO,. 
Immediately a f t e r  a set reaction t ime between 5 and 600 sec. t he  SO,-containing gas 
was shut  off and  the sorbent sample removed from the reactor. The convers ion of 
CaO t o  CaSO,, was determined by t h e  Ca and S contents in t h e  recovered sample 
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measured by atomic adsorpt ion spectroscopy a n d  combustion i n f ra red  detection, 
respectively. 

Surface area a n d  po re  volume d is t r ibut ions of the calcine intermediates were 
measured separately b y  p roduc ing  calcine samples under  condit ions dupl icat ing those 
used p r i o r  t o  sulfat ion. Calcine surface areas were determined by N, adsorpt ion a t  
77K ( l i qu id  N,) and  the onk-point BET method. Pore d i s t r i bu t i ons  were determined 
from N, desorpt ion isotherms ( a t  77K) following the  methods detai led in References 8 
and  9. 

DISCUSSION OF RESULTS 

Int r ins ic  Sul fa t ion Kinet ics  

In t r ins ic  sulfation ra te  data measured for calcines f rom'  Dravo  -100 mesh limestone 
were correlated by a k inet ic  model, or ig ina l ly  proposed by Borgward t  (6 ) .  Based o n  
the  classical unreacted core model o r  g r a i n  model, t h i s  model r e l s e s  f ract ional  
calcium conversion (XI t o  the SO, contact time It, s e d ,  absolute temperature (T,  
K ) ,  SO, par t ia l  p ressu re  (Pso2, mmHg1, and  calcine specific surface area (A, m z l g )  
as follows: 

1 - 3 ( 1 - x I 2 l 3  + 2 (1-x) = kd.  t 

kd = K (A)"' iPS02)"  exp  (-EIRT) 

where the  constants are 

E = 37 kcal lmol, t h e  activation energy 
m = 2.0 
n = 0.62 
K = 50 

T h e  model equat ion is applicable t o  any calcine (CaO), since it includes a calcine 
proper ty ,  t he  speci f ic  surface area, A. The  in t r i ns i c  ra te  increased w i th  the  square 
o f  the surface area. 

In the or ig ina l  development o f  t h i s  kinetic model, Borgwardt  ( 6 1  used extremely small 
(95 w t  % <2 micron, 30 w t  % c1 micron) calcine part icles, in o r d e r  t o  eliminate p o r e  
d i f fus ion limitation. Because o f  t he  much larger  par t ic le  sizes used in the c u r r e n t  
s tudy  (13.4 micron specif ic surface mean diameter and  28.3 mass median diameter for 
the  Dravo stone, C l ) ,  in t r ins ic  ra te  data wi thout  pore d i f fus ion limitation were 
measured on ly  a t  low temperatures (5800OC) and  w i t h  low surface area calcines ( c 1 5  
m'lg). F igu re  2 shows the good agreement o f  laboratory data a t  800OC wi th  t h e  
kinetic model predic t ions.  

Pore Diffusion Limitat ion 

W i t h  calcines produced from sorbent  samples hav ing  par t ic le  sizes applicable t o  E L I  
(Table 1) .  pore dif fusion was ra te  l imi t ing a t  h ighe r  temperatures (>800°C) and w i t h  
h igher  sur face area calcines (>I5 m' lg ) .  A s  a resul t ,  observed sulfat ion rates were 
signif icantly lower than the  i n t r i ns i c  ra te  predic ted by the  above model. As 
discussed below, po re  dif fusion l imitat ion was evidenced by t h e  observed react ion 
rate dependence o n  temperature. so, pa r t i a l  pressure, par t ic le  size, and calcine 
surface area a n d  po re  s t ructure.  

Figure 3 shows t h a t  for  h igher  surface area calcines, t he  apparent  act ivat ion e n e r g y  
dropped from 37  kcal lmol t o  15-20 kcal lmol a t  h ighe r  temperatures, indicative of 
t rans i t ion t o  po re  dif fusion control.  Th i s  agrees w i t h  the  theoretical predic t ion that 
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E + E diffusion -1 EI2  under  s t rong po re  d i f f us ion  control.  
2 E apparent - 

The onset o f  pore d i f fus ion l imitat ion fo r  h igher  surface area calcines was a round  
800°C, based on  the  changes in slope in the Arrhenius plots. For  a low sur face 
area calcine ( 4  m*/g) ,  pore dif fusion l imitat ion was not ev ident  up t o  950°C. based 
o n  the  activation energy.  

The reaction o rde r  ( n )  in SO, pa r t i a l  pressure, measured a t  900°C w i t h  a 55 m * / g  
calcine, was 0.80 over 750-3000 ppm SO, concentrations, as compared w i t h  0.62 
according t o  the i n t r i ns i c  kinetics. Th i s  change in t h e  reaction o rde r  was also 
indicative o f  the pore d i f fus ion control.  

Because o f  the pore d i f fus ion limitation, t h e  in i t ia l  sulfat ion ra te  observed a t  900°C 
var ied inversely w i t h  par t ic le  size (F igu re  4). The d i f f e ren t  stone samples (Ill-10) 
in Table 1 prov ided the  variat ions in the par t ic le  size in the  f i gu re .  

Under pore d i f fus ion control,  t he  effect o f  calcine surface area was diminished a n d  
high surface area calcines did not necessari ly g i ve  high react iv i ty .  Th i s  i s  because 
a calcine w i th  v e r y  high surface area contains predominantly v e r y  f i ne  pores which 
a re  more subject t o  pore diffusional resistance as well as pore mouth p lugging,  as 
discussed below. 

Calcine Pore Plugging 

Calcine pore mouth p lugg ing  by p roduc t  CaSO, l imited su l fa t ion o f  highly porous 
calcines a t  h igher  temperatures. Limitat ion by pore plugging was ev ident  in t h e  l ab  
tests from the exceptionally low apparent  act ivat ion energies (<lo kcal lmol) observed 
w i th  some v e r y  high surface area calcines and from t h e  reduct ion in the saturated 
calcium uti l izat ion w i th  increasing sulfat ion temperature f o r  most o f  t he  calcines. 

Porous calcines a re  subject t o  pore p lugg ing  by p roduc t  sulfate because the  molar 
volume o f  CaSO, (46.0 cm3/mol) is  considerably greater  t han  t h a t  o f  CaO (16.5 
cm3//mol). If the mouth o f  a pore p lugs before the  i n te r i o r  undergoes reaction, t h e  
sorbent ut i l izat ion i s  reduced. Fur ther ,  pore mouth plugging by CaSO, can reduce 
the  rate o f  su l fa t ion by reducing available surface area and by increasing t h e  p o r e  
dif fusional resistance. Severe p roduc t  po re  mouth plugging i s  most l ike ly  when t h e  
rate o f  sulfat ion exceeds the  rate o f  d i f fus ion th rough  t h e  pores. Therefore, t h e  
degree of deactivation b y  pore plugging can be expected t o  increase w i t h  increas ing 
temperature because the  i n t r i ns i c  sulfat ion rate increases more rap id l y  wi th  tempera- 
t u r e  than the  d i f fus ion rate. Because o f  t h i s  temperature effect, pore p lugg ing  can  
reduce the  apparent act ivat ion energy fo r  sulfation. Deactivation by pore plugging 
can be  expected t o  be  most severe for  smaller pores because the  d i f fus ion r a t e  i s  
slower and less CaS0, is  requi red fo r  complete pore blockage. 

The degree o f  limitation o f  sulfat ion by pore plugging va r ied  widely  among calcines 
produced from d i f ferent  sorbents (Table 2 ) .  The  apparent  sulfat ion act ivat ion 
energies (based o n  init ial  reaction rates) among the  d i f ferent  calcines ranged f rom 
negative values up to 22 kcallmol. The  activation energies below 15 kca l lmol  
indicate a rap id  pore plugging a t  a h igher  temperature since t h e  activation energies 
are lower than  tha t  under  pore d i f fus ion control.  T h e  wide var ia t ion in t h e  
activation energy among calcines indicates v a r y i n g  seve r i t y  o f  po re  p lugg ing  w i t h  
these calcines. The saturated ut i l izat ions also var ied widely among d i f f e ren t  calcines 
(1740% a t  900°C). as d i d  t h e  degree o f  temperature dependence of  t he  saturated 
conversion. 

The test  data confirmed the  more severe limitations by pore plugging fo r  calcines 
wi th  smaller pores. F igu re  5 shows that  a calcine from Censtar ( # 6 )  limestone had  
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s ign i f icant ly  f i ne r  po res  (mostly 3-10 nm) and less to ta l  po re  volume than  a calcine 
f rom the Dravo limestone ( I l ) .  The  Dravo calcine had  many pores in the 8-30 nm 
range. The apparen t  act ivat ion energy wi th  the  Censtar calcine was on ly  1.4 
kcallmol, s ign i f icant ly  lower '  t h a n  the  15 kcal lmol observed fo r  t he  Dravo calcine. 
Fur ther ,  the Censtar calcine showed a more severe d r o p  in f inal (saturation) calcium 
ut i l izat ion w i th  increas ing temperature, f rom 36% t o  27% t o  18%. a t  800OC. 900°C and  
1000°C, respectively. T h e  f ina l  ut i l izat ions w i th  t h e  Dravo  calcine were 37%. 36% and  
33% a t  these temperatures. 

Performance o f  D i f f e r e n t  StoneslSorbents 

Limestones: E i g h t  d i f f e ren t  limestones tested exhib i ted widely va ry ing  su l fa t ion 
performance (Table 2 ) .  Saturat ion ut i l izat ions a t  900°C var ied from 17% to 50% and  
apparent act ivat ion energies v a r i e d  from 1.4 t o  22 kca l lmol  over  80O-95O0C. These 
dif ferences resul ted f rom dif ferences in both the  stone par t ic le  size (Table 1) and  
t h e  calcine Intermediate pore s t ruc tu re .  Calcine intermediate pore s t ruc tu re  ( su r face  
area and pore size d i s t r i bu t i on )  var ied widely w i t h  limestone source. However, t h e  
specif ic proper t ies o f  the  o r ig ina l  limestone which lead to a favorable calcine p o r e  
s t r u c t u r e  were n o t  c lea r l y  ident i f ied.  

Dolomitic Stones: Calcines f rom two dolomitic stones (Tables 1 ,  2 )  tested showed 
poor  sulfat ion performance, presumably due t o  the  presence o f  v e r y  small pores. 
B o t h  showed negat ive apparent  sulfat ion activation energies and low saturated 
calcium uti l izat ions (22% at 900°C), indicative o f  premature pore plugging. B o t h  
calcines had v e r y  high surface areas (70 m 2 / g ) .  Pore volume analysis o f  the calcine 
f rom the  Hommel dolomite 0 9 )  showed tha t  it had ove r  85% o f  i t s  po re  volume in 
small pores, 2-10 n m  in diameter. 

Hydrated Sorbents : Calcines de r i ved  from a hyd ra ted  lime and a pressure-hydrated 
dolomitic lime showed be t te r  su l fa t ion performance, in terms o f  bo th  ra te and  
saturation calcium uti l izat ion, t han  those der ived from most limestones, o r  dolomites. 
Fo r  the Dravo Longview hyd ra ted  lime (#11), saturated ut i l izat ion was 55% a t  800OC 
and dropped o n l y  t o  53% a t  900°C (Table 2) .  T h e  apparent act ivat ion was 20 
kcallmol. F igu re  6 clearly shows the  superior sulfat ion performance o f  a calcine 
from a pressure h y d r a t e d  dolomite (812) to  tha t  from a dolomitic limestone (19). t h e  
two calcines h a v i n g  rough ly  t h e  same chemical composition. Saturated calcium 
uti l izat ions were 80% and  22% f o r  the pressure dolomitic hyd ra te  and the dolomific 
stone, respectively. Also, t h e  saturated calcium ut i l izat ion w i th  the p ressu re  
hyd ra te  did no t  d r o p  a t  h ighe r  temperature. The  excel lent performance o f  t h e  
pressure hyd ra ted  dolomite again can be a t t r i bu ted  t o  t h e  formation o f  a ve ry  favo r -  
able calclne pore s t ruc tu re .  Pore volume analysis showed tha t  t he  calcine f rom t h e  
pressure hyd ra te  had a broad pore size d i s t r i bu t i on  (4-40 nm diameter) wi th  abou t  
60% of i t s  total p o r e  volume contr lbuted by pores o f  10 nm diameter and larger ,  as 
compared w i t h  t h e  predominance of v e r y  small pores found in the  calcined dolomite. 

Sulfat ion Enhancement by Add i t i ve  Promotion 

O f  several salts (Na,CO,, NaCI. CaCI,. FeCI,) tested, Na,CO, was found t o  be  t h e  
most e f fect ive in enhancing t h e  desulfurization performance o f  limestone. Add i t i ves  
were incorporated in small amounts (0.25-5 w t  81 In the  limestone sample p r i o r  t o  
calcination. The resu l t s  indicate that  t he  enhancement was pr imar i ly  due to phys i ca l  
effects, increasing t h e  pore size of t he  calcine t o  a range more favorable f o r  p o r e  
dif fusion. Th is  agrees w i t h  the  alkal i  addi t ive effects o n  calcine porosity in FBc 
(10-13). The  degree o f  enhancement increased w i t h  the  Na,CO, dosage up t o  

Fo r  th is  addi t ive s tudy ,  add i t i ve  effects were s tud ied fo r  two d i f ferent  limestones, 
t he  Dravo limestone (#I) and  t h e  Censtar limestone (#6) (Table 1). To produce an  

2 w t $ .  
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addi t ive promoted limestone sample, limestone was s lu r r i ed  in an aqueous add i t i ve  
solution. Water was then evaporated from the  s l u r r y .  A f te r  preparation, t h e  dry 
additive-enhanced limestone was charged in the d i f ferent ia l  reactor and  calcined a n d  
sulfated in the  usual  manner. 

F igu re  7 shows tha t  sodium carbonate promotion o f  t h e  Dravo stone s ign i f i can t l y  
increased pore size o f  the calcine intermediate. With no additive, a calcine p roduced  
a t  900°C had pores mostly in the  6-20 nm diameter range. With 0.5 w t  % a n d  2 w t  % 
Na,CO, in the stone, the 900°C calcines had  pores mostly in the  6-40 nm a n d  10-70 
nm ranges, respectively. Because o f  t h e  increased pore size, calcine sur face areas 
decreased. The BET surface areas fo r  these calcines were 52, 21 and 10 m’ lg ,  w i t h  
Na,CO, concentrat ions of 0, 0.5 and 2 w t  8, respectively. 

With the increase in calcine po re  size w i t h  Na,CO,, t he  sulfat ion performance o f  t h e  
Dravo calcine was s ign i f icant ly  enhanced (F igure 8) .  A t  0.5 and  2 w t  % add i t i ve  
dosages, saturated calcium ut i l izat ions a t  900°C increased from 36% ( w i t h  n o  add i t i ve ]  
t o  47% and 52%. respectively. Observed in i t ia l  sulfat ion rates were also increased 
substantial ly. Similar enhancement was observed a t  8OOOC and 1000°C. F u r t h e r  
increase in the addi t ive dosage above 2 w t  % did not  g i ve  addit ional su l fa t i on  
enhancement. W i t h  5 w t  % Na,CO, sulfat ion, performance o f  the Dravo  calcine was 
no t  as good as w i t h  2 w t  % Na,CO,. The calcine w i t h  5 w t  % Na,CO, h a d  a low 
surface area (7 m21g)  and  thus  a lower i n t r i ns i c  reaction rate. Th is  resu l t  ind icates 
tha t  the pore size was increased excessively above an  optimum ievei. 

W i t h  Genstar limestone (161, Na,CO, showed similar pos i t ive effects. The  sa tu ra ted  
calcium uti l izat ion a t  900°C was increased t o  60% w i t h  2 w t  % Na,CO,, a substant ia l  
improvement over  t h e  27% ut i l izat ion w i t h  no  addit ive. In i t ia l  reaction r a t e  was 
l ikewise enhanced. 

Other  addit ives tested were n o t  as ef fect ive as Na,CO, in promot ing su l fa t ion.  
Sodium chloride (NaCi) showed some enhancing effect. The  saturat ion convers ion 
w i t h  calcined Dravo  stone ( # I )  a t  900°C increased from 36% t o  42% a t  2 w t  % NaCI. 
Calcium chloride [CaCI,) and  fe r r i c  ch lor ide (FeCI,) showed no signif icant enhance- 
ment of sulfation performance. 

CONCLUSiONS 

Sul fur  capture by boi ler  limestone in ject ion invo lves complex calcination and  su l fa t ion 
phenomena and i s  l imited by bo th  chemical and phys ica l  processes inc lud ing i n t r i n s i c  
sulfat ion reaction, SO, pore d i f f us ion  in the  calcine, and pore plugging by the  
p roduc t  CaS0+. 

A n  in t r ins ic  sulfat ion kinetic model, developed by Borgwardt  of EPA, was 
experimental ly confirmed. The in t r i ns i c  reaction ra te  increased w i th  t h e  square  o f  
calcine surface area and the  0.6  power Of SO, par t ia l  pressure, and  h a d  an  
activation enercly of 37 kcailmol. T h e  in t r i ns i c  reaction was rate l imi t ing o n l y  a t  
lower temperatcres (4800OC) and  w i t h  lower sur face area calcines (c15 m’lg) .  

Under  conditions applicable t o  B L i ,  su l fa t ion is  l imited by pore d i f fus ion and  by p ro -  
d u c t  pore mouth plugging. Observed su l fa t ion rates a t  900°C wi th  high sur face area 
calcines var ied inverse ly  w i t h  sorbent  par t ic le  size because o f  t he  po re  d i f f us ion  
limitation. Because of t h e  pore p lugg ing  effect, t h e  capacity for  sulfat ion was lower  
f o r  calcines w i t h  f iner po re  s t ructures.  These resul ts  indicate t h a t  an  opt imum 
calcine pore s t ruc tu re  (in terms o f  surface area and  pore size) may ex i s t  f o r  e f fec-  
t i ve  sulfation. T h e  lab data indicate tha t  t h e  po re  s t ruc tu re  o f  a calcine depends on  
sorbent  source and calcination condit ions. Different limestones gave widely  v a r y i n g  
sulfat ion Performances because they  produced calcines hav ing d i f f e r e n t  p o r e  
s t ructures.  Hydrated sorbents  gave s ign i f icant ly  bet ter  sulfat ion per formance 
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than limestones, because they  yielded a more favorable calcine s t ructure.  These 
resul ts  indicate t h a t  sorbent  selection f o r  B L I  may be  v e r y  important.  

Small amounts of sodium carbonate added to limestones p r i o r  t o  calc inat ion y ie lded 
calcines w i t h  l a rge r  pores  and thus  s ign i f icant ly  enhanced desul fur izat ion 
performance. 
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TABLE 1 

TEST SORBENTS 

Avg Par t i c l e  
Diameter, (a) 

micron BET Maximum BET 

CaO, MgO, Mass Surface of Raw o f  Calcine, 

Elemental 
Anal y s i  s Specif ic Surface Area Surface Area 

Sorbent - w t  8 e nedian Hean(b) Stone. m'/g m'/g No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

(a) 

(b) 

- 
Dravo Maysvi l le Limestone, -100 mesh 50.82 2.74 28.3 13.4 
Dravo Maysvi l le Limestone, -325 m s h  51.86 2.81 7.2 8.5 
Pf izer  Marble White 200 Limestone 54.79 0.36 23.1 14.6 
Warner Be l l  Mine Limestone 54.71 0.58 25.9 15.8 
Mississippi R-1 Linestone 55.20 0.30 300.0 112.0 
Censtar Apex Limestone 56.53 0.46 28.3 16.1 
Utah Marblehead Limestone 56.55 0.29 48.0 27.0 
Baker Reagent CaCO, 56.54 0.01 13.2 11.2 
Home1 #1974 FF Dolomite 32.00 20.11 32.9 22.0 
Warner D o l m i t e  28.90 21.96 98.2 55.8 
Dravo Longvim Hydrated Lime 72.01 2.44 12.0 12.0 
Pressure Hydrated Dolomite 41.70 30.38 39.2 24.9 

Par t i c l e  size determined by wet screening i n  W,OH and by Coulter Counter. 

Specific surface mean, 0 = - 
z YiDi 

z Y i  

1.4 
6.3 
0.7 
1.8 
0.9 
1 .o 
0.9 
0.5 
0.8 
0.3 

21.1 
23.3 

55 
35 
60 
45 
70 
60 
65 
55 
70 
70 
40 
45 

where Y i  =weight  f rac t i on  of  size cut, Di E Average diameter o f  size cut. 

TABLE 2 

SULFATION PERFORMANCE OF HIGH SURFACE AREA CALCINES FROM TWELVE TEST SORBENTS 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

(a) 
( b l  
(C) 

- 

D Calcine 
micron Surface 'apparent 

Sorbent A Area. m'/q ( b )  

Saturat ion 
Ca Conversion.8 

1 DOO~C 
800OC 9oooc (c)  

Dravo Maysvi l le Limestone, -100 mesh 24.5 
Dravo Maysvi l le Limestone, -325 mesh 8.5 
Pfizer Marble White 200 Limestone 14.6 
Warner. Be l l  n ine Limestone 15.8 

Censtar Apex Limestone 16.1 
Utah Marblehead Limestone 27.0 
Bsker Prec ip i ta ted CaCO, 11.2 
Home1 e1974 D o l m i t e  22.0 
Warner Dol m i t e  55.8 
Dravo Longvim Hydrated Lime 12.0 
Pressure Hydrated Dolomite 24.9 

Mississippi R-1 Limestone 112.0 

55 
35 
60 
45 
70 
60 
65 
55 
70 
70 
40 
45 

15 
15 
4.1 

4.1 
1.4 

15 

15 
22 

Negative 
Negative 

20 
21 

39 36 
50 50 
23 21 
37 33 
20 17 
36 27 
31 20 
45 36 
32 22 
30 22 
5s 53 
80 80 

Specif ic surface mean p a r t i c l e  diameter, as defined i n  Table 1. 
Apparent su l fa t i on  act ivat ion energy over 80O-95O0C. 
Runs a t  1WO'C deviated fran d i f f e ren t i a l  conditions. 
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Figure  1. 
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Schematic o f  D i f f e r e n t i a l  Reactor Uni t .  

TEMP. 8W% 

So,. I S Q W Q M ~  1 1  ATM 
STONE - D R A W  -1WMEYI _ _ - -  

/*- 
I- 

I 0 
0 134 A/# CALCINE 

,/ . .' 0 
O ,' 
/ 

/ 

/ 

0,' 
/ 

4.0 m21.CALCINE _ _ _  - --- - -- - X 

r X ___- - - - X 
_-e- 

?/' 
, x /----* 

---MDDEL PREDICTION X /  

0 (00 100 am ua sm am 
TIME. LEC 

F i g u r e  2. Comparison o f  Su l fa t ion  Rate Data w i t h  I n t r i n s i c  
Su l fa t ion  K i n e t i c  Model. 
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Figure 5 .  Cumulative Pore Volume Distribution for Two Calcined Limestones. 
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Figure 6.  Performance Comparison of Pressure Hydrated Lime 
and Dolomitic Stone. 
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F igure  8. S u l f a t i o n  Enhancement by Na,C03 Addi t ive .  
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SULFUR DIOXIDE SORPTION REACTIVITY OF HYDRATED LIHE: 
EFFECT OF HYDRATION METHOD 

D. L. Moran, M. Rostam-Abadi, R. D. Harvey, and R. R. F ros t  
I l l i n o i s  S ta te  Geological Survey, Champaign, I l l i n o i s  61820 

and 

G. C. Sresty 
I l l i n o i s  I n s t i t u t e  o f  Technology Research I n s t i t u t e  

INTRODUCTION 

The Furnace Sorbent I n j e c t i o n  (FSI) process i s  a r e l a t i v e l y  low c a p i t a l  cos t  
technology f o r  c o n t r o l  o f  SO emissions produced dur ing combustion o f  h igh s u l f u r  
coal. A major  f a c t o r  i n  &e t o t a l  cost  o f  t he  F S I  concept i s  t he  e f f e c t i v e  
u t i l i z a t i o n  o f  t h e  sorbent. I n  p i l o t  p l a n t  t e s t s  performed by previous i n v e s t -  
i ga to rs ,  ca lc ium u t i l i z a t i o n  e f f i c i e n c i e s  ( a t  Ca/S feed r a t i o  o f  2:l) ranged from 
15 t o  20% f o r  l imestone, 25 t o  30% f o r  do lomi t i c  limestone, 20 t o  30% f o r  hydrated 
l ime, and 35 t o  40% f o r  pressure-hydrated do lomi t i c  l ime  (1,2,3,4). The low 
calcium u t i l i z a t i o n s  observed i n  these and many o the r  s tud ies  have mot ivated 
researchers t o  develop methods o f  producing more r e a c t i v e  c a l  cium-based sorbents 
w i t h  the goal o f  reducing SO2 removal costs. 

The hyd ra t i on  method has received considerable a t t e n t i o n  i n  recent  years because i t  
appears t o  be the  l e a s t  expensive method o f  producing f i n e  (<IO micrometer) l i m e  
p a r t i c l e s  wi th h i g h  surface area. P a r t i c l e s  o f  t h i s  s i z e  range are more r e a c t i v e  
than l a r g e r  p a r t i c l e s  because they l a c k  s i g n i f i c a n t  res is tance t o  pore d i f f u s i o n .  
Recent hyd ra t i on  s tud ies  have focused on developing sorbents w i t h  h igher  sur face 
areas than those o f  commercial hydrates. I n  1 aboratory-scal e hydrators, under 
con t ro l1  d process ing condi t ions,  hydroxides having surface areas ranging from 42 

produced (4,5,6,7). Mate r ia l s  w i t h  sur face areas up t o  45 m /g have been produced 
by hydrat ion w i t h  methanol-water so lu t i ons  (7,8). 

The o b j e c t i v e  o f  t h i s  i nves t i ga t i on  was t o  produce hydrated l i m e  with h igh  su r face  
area. Three hyd ra t i on  methods were studied: 1) l ime  was hydrated w i t h  water o r  
a lcohol -water  so lu t i ons ,  2) l ime  was reacted w i t h  water a t  pressures and tempera- 
tu res  up t o  and exceeding s u p e r c r i t i c a l  condi t ions and the  hydrated l ime  produced 
was e jected t o  atmospheric condi t ions,  3) l i m e  was hydrated w i t h  steam. S u l f u r  
d iox ide  so rp t i on  capac i t i es  were obtained by thermogravimetry and surface areas 
were determined by t h e  BET (N2) technique. 

EXPERIMENTAL 

t o  50 m t /g (2 t o  3 t imes greater  than those o f  commercia$ hydrates) have been 

Mate r ia l s  

Two d i f f e r e n t  l imestones were ca lc ined f o r  the experiments ( t a b l e  1). Both con- 
s i s t e d  o f  more than  95% CaC03 ( c a l c i t e ) .  Limestone A i s  character ized as coarse 
gra ined and low  s p e c i f i c  g r a v i t y  and l imestone B as f i n e  gra ined and somewhat 
h igher  s p e c i f i c  g r a v i t y .  

Calc inat ion 

The l imestones were ca lc ined i n  a 2.5-cm I .D.  batch f l u i d i z e d  bed reac to r  con- 
s t ruc ted  from a t ype  316 s ta in less  s tee l  pipe. Twenty t o  f i f t y  grams o f  l imestone 
(100-150 micrometer p a r t i c l e s )  were heated a t  a r a t e  o f  20'C/min t o  850'C. The 
sample was h e l d  a t  t h i s  temperature f o r  30 minutes t o  assure complete conversion o f  
carbonate t o  l ime .  Ni t rogen was t h e  f l u i d i z i n g  gas f l ow ing  a t  a r a t e  o f  1000 
cc/mi n (STP) . 508 
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Hvdration 

A 500 ml, three-neck flask was used to hydrate the lime at atmospheric pressure 
with water or alcohol-water mixtures. Two methods were used: 1) dry hydration 
(twice stoichiometric water or less) and 2)  wet hydration (five times stoichio- 
metric water or more). The hydrate was prepared by adding hydrating solution to 
one gram of lime while stirring the mixture. The temperature of the mixture 
increased from ambient to between 50 and 9O'C due to the exothermic nature of the 
hydration reaction. Some of the hydrating solution boiled off during dry hydration 
runs as a result of localized overheating. The reaction was assumed to be complete 
after the sample had cooled to room temperature. The hydrated lime product was 
dried under vacuum and gently crushed for one to two minutes to break up loosely 
agglomerated particles. Some of the products were filtered and washed with 3 to 25 
ml of alcohol prior to vacuum drying. The products were stored in vials under 
nitrogen to avoid recarbonation. 

Pressure-hydrated 1 ime was prepared at the 111 inois Institute of Technology 
Research Institute in a batch reactor constructed of 1.3-cm I.D. stainless steel 
pipe. The reactor consisted of two sections separated by a metal disk that was 
designed to rupture at a specific pressure. The upper portion of the reactor (6.4 
cm) was charged with one gram of lime and three to four grams of water, capped, and 
quickly heated using a torch. During the heating period (4 to 5 minutes), the 
pressure and temperature of the reactor simultaneously increased until the disk 
ruptured. During this rupturing period (on the order of milliseconds) the reactor 
pressure dropped to one atmosphere. The pressure-hydrated lime slurry was col- 
lected in the lower portion of the reactor (30 cm). The product was vacuum-dried 
prior to testing for sulfation reactivity. 

Lime was hydrated with steam at 200°C for 30 to 60 minutes in a thermogravimetric 
analyzer system. The partial pressure of steam in the reactor was 0.13 atmo- 
spheres. The hydration was assumed to be complete when no further increase in 
weight was observed. The product was then heated in nitrogen at 20"C/min to 850'C 
and was tested for sulfation reactivity. 

a 2  reactivity 

Reactivity data were obtained by Thermogravimetry (TG) using a Cahn RG balance. 
The sample holder (1-cm diameter and 0.5-cm height) was constructed of 100 mesh 
platinum gauze and was suspended from the microbalance by a platinum wire (0.01-cm 
diameter). The reaction temperature was measured by a Pt/Pt-13% Rh thermocouple 
located 5 mm below the sample holder. The reactant gas was passed upward through 
the reactor tube (3.2-cm I.D.). The lower portion of the reactor (10 cm) was 
filled with 0.64-cm ceramic raschig rings which served as a gas mixing and pre- 
heating zone and as a gas distributor. The system was interfaced with an IBM-PC to 
provide automated collection and storage of the microbalance and thermocouple 
outputs. 

In a typical run, sample particles were dispersed in layers of quartz wool located 
in the sample holder. The sample was heated in nitrogen at a rate of 20'C/min to 
850'C. The reaction gas containing 0.5% SO2, 5% 02, 20% CO , and balance N (which 
simulated the flue gas from combustion of a high sulfur coa?) was introduce3 to the 
reactor and the increase in weight due to sulfation and the reaction temperature 
were recorded at 10 second intervals for 60 minutes. Results of preliminary 
experiments revealed that sulfation rates were not affected when sample weights of 
less than 10 mg and gas flow rates between 300 and 900 cc/min (STP) were used. 
Sample weights of 8 mg and flow rates of 300 cc/min were used in subsequent experi- 
ments. 
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RESULTS AND DISCUSSION 

Phvsical c h a r a c t e r i s t i c s  of hvdrates 

Hydrated 1 ime products were examined under a l i g h t  microscope. Dry-hydrated (atmo- 
spheric)  1 ime and a commercial pressure-hydrated 1 ime prepared from 1 imestone B 
consisted of  p a r t i c l e s  which.were predominantly l e s s  than 10 micrometers in  diamet- 
e r .  However, some 10 t o  50 micrometer p a r t i c l e s  were present  i n  t h e  atmospheric 
hydrate. Reduction i n  p a r t i c l e  s i z e  (mmd=2 t o  4 micrometers) i s  achieved i n  
commercial p ressure  hydration processes due t o  t h e  e jec t ion  of t h e  products through 
a o r i f i c e  (9).  The su f a c e  area, BET (N ), of the  pressure-hydrated lime was 17.2 

Wet hydration produced agglomerated p a r t i c l e s  with c l u s t e r s  as  la rge  as  0.5 cm. 
The agglomerates were e a s i l y  reduced i n  s i z e  by gent ly  crushing w i t h  a spatula .  
However, several  l a r g e  p a r t i c l e s  were observed i n  t h e  samples even a f t e r  crushing. 
Examination of  l ime A hydrated with twenty times s toichiometr ic  water followed by 
vacuum-drying and mild crushing showed t h a t  p a r t i c l e s  were predominantly l e s s  than 
20 micrometers i n  diameter, although some as l a r g e  as  150 micrometers were a l s o  
present. 

Hydration with methanol -water solut ions general ly  produced hydroxides w i t h  par- 
t i c l e s  t h a t  were f i n e r  and more uniform than those prepared w i t h  water alone. Few 
p a r t i c l e s  g r e a t e r  than 20 microns were observed i n  these  samples. Depending on the  
amount of methanol used, surface areas  ranging from 43 t o  70 m2/g were obtained 
( t a b l e  3) .  Comparable surface areas  were obtained f o r  products hydrated w i t h  
ethanol -water so lu t ions .  These values show improvement over surface areas  of 
hydrates prepared in  water alone and are  three  t o  f i v e  times g r e a t e r  than those of 
commercially ava i l  able  hydrates. 

So2 r e a c t i v i t y  

As described e a r l i e r ,  t h e  hydrated samples were heated i n  nitrogen to  850'C p r i o r  
t o  su l fa t ion .  A weight l o s s  of 21-23% was observed between 350 and 500'C due t o  
the  dehydration reac t ion .  The theore t ica l  weight l o s s  f o r  t h e  dehydration of pure 
calcium hydroxide i s  24%. The samples l o s t  an addi t ional  1-3% weight between 500 
and 700'C. This weight l o s s  was a t t r ibu ted  t o  the  ca lc ina t ion  o f  any residual  
carbonate mater ia l  in  t h e  sample. 

The progressive increase  i n  weight during su l fa t ion  was a t t r i b u t e d  t o  t h e  react ion 
o f  the calcined product with oxygen and s u l f u r  dioxide according to: 

m 4 /g compared t o  34.3 m h /g f o r  the atmospieric product ( t a b l e  2) .  

CaO t SO2 t 1/2 02 - - - - - ->  Cas04 1) 

X-ray d i f f r a c t i o n  analyses  of  samples exposed t o  the react ion gas mixture confirmed 
t h a t  calcium s u l f a t e  was the sole  product formed. The following re la t ionship  was 
used t o  c a l c u l a t e  t h e  percent  conversion (calcium u t i l i z a t i o n )  of  the sorbent as  a 
function of  r e a c t i o n  time: 

Percent conversion = X t  = 't - '0 M ~ a ~  x 100 2 )  
ywo MS03 

where: W t  = weight of  sorbent a t  time t 
Wo = i n i t i a l  weight of sorbent a t  850°C 
Y = weight f rac t ion  of calcium oxide i n  sample a t  850'C 

MCaO = molecular weight of calcium oxide 
MS03 = molecular weight of s u l f u r  t r i o x i d e  

React ivi ty  curves were obtained by p lo t t ing  Xt against  su l fa t ion  time. 
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Hvdration with water 

The sorption capacities of hydrates prepared at atmospheric pressure depended on 
the method of hydration (dry or wet) and the parent limestone (figure 1). 
surface areas o f  the dry and et hydrates produced from lime A were 37 and 46 m /g 

calcium utilizations of these samples were 59, 69 and 37%, respectively. No 
improvement in utilization was achieved for samples hydrated with five times 
stoichiometric water or more. Dry and wet hydrates produced from lime B had 
surface areas which were similar to those obtained for hydrates prepared from lime 
A (table 2). However, hydrates prepared from lime B had calcium utilizations 
exceeding 90%. 

The results o f  a recent study showed that calcination conditions, i.e. temperature 
and sintering time, were not important in producing hydroxides with high surface 
areas (6). The effect of calcination atmosphere was not investigated in that 
study. A sample was prepared by calcination of limestone A in one atmosphere 
carbon dioxide followed by hydration with twenty times stiochiometric water. This 
treatment increased the utilization of wet hydrate to 78% (vs 69% for hydrate 
psoduced from limestone calcined in nitrogen). The sorbent surface area was 33 
m./g, surprisingly lower than that of the hydrate produced from lime prepared in 
nitrogen atmosphere (46 m2/g). 

Sulfation data for the -325 mesh (<45 micrometers) and 100x150 micrometer limes are 
also shown in figure 1 for comparison. These samples were calcined in the TGA 
system prior to sulfation. It is interesting to note that although hydrates made 
from limestone B were more reactive than tho e made from limestone A, the -325 mesh 

former. Little difference in reactivity was observed for the 100x150 micrometer 
particles. 

Hvdration with methanol-water solution 

Hydration of lime with alcohol-water solution was tested because a previous study 
had shown that this method of hydration produced samples with surface areas as high 
as 50 m2/g (10). Alcohol affects the solubility and interfacial tension of 
hydrates in water and acts as a dispersing agent, thus minimizing particle agglom- 
eration. The reactivity data for lime B hydrated with a 50% methanol-water 
solution and washed with ten grams of methanol are shown in figure 1. This sample 
had a sulfation capacity which was greater than that of the commercially prepared 
pressure-hydrated lime. A sorption capacity of 100% was observed for this sample 
as compared to 95% for the commercial hydrate. High calcium utilizations were also 
observed for samples prepared by hydration of lime A with methanol or ethanol-water 
solutions (see table 3). This indicates that costs associated with pressure 
hydration can be eliminated by hydration with methanol-water solution at atmos- 
pheric pressure. 

Limestone A was subjected to a more extensive study on this method of hydration. 
The objective was to evaluate the effects of the concentration of alcohol in the 
hydrating solution and the amount of alcohol used in the post-hydration washing 
step on the reactivity of the products. The hydration conditions, calcium utiliza- 
tions and surface areas of the hydrates are summarized in table 3. Reactivity data 
are shown in figure 2. Increasing the concentration of methanol in the hydrating 
solution and the amount used in the post-hydration wash resulted in increased 
calcium utilizations. This is clearly shown in figure 3 where the calcium conver- 
sions after 60 minutes are plotted as a function of methanol concentration. 

Jhe 
compared to the value of 13 m Y /g for the starting lime (100x150 micrometers). The 

calcine of the latter (surface area of 20 m 1 /g) was more reactive than that of the 
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The r e l a t i o n s h i p  between the surface area and calcium u t i l i z a t i o n  f o r  the  hydrates 
prepared in  methanol-water solut ion i s  shown i n  f i g u r e  4 .  BET (N2) surface areas  
of hydrates ( p r i o r  t o  dehydration) correlated well w i t h  u l t imate  sorpt ion capaci- 
t i e s .  

Pressure hvdration 

The s u l f a t i o n  data  f o r  the pressure-hydrated products (Lime A) a r e  shown i n  f i g u r e  
5. The calcium conversion of the product prepared a 475 atmospheres and 480'C was 
76%. A conversion of 91% was 
achieved f o r  t h e  sample prepared a t  120 atmospheres and 29O'C. The reason f o r  the 
higher capac i ty  observed f o r  t h i s  sample i s  not known. Although the su l fa t ion  
capac i t ies  of the products prepared under pressure were higher than those of the  
wet hydrates, t h e i r  surface a reas  were lower (see t a b l e  2 ) .  

The surface area of  t h i s  sorbent was 15.4 m 1 /g. 

Steam hydrat ion 

The r e a c t i v i t y  of t h e  steam-hydrated lime A is  a l s o  shown in f igure  5. A calcium 
u t i l i z a t i o n  o f  68 % was observed f o r  the hydrated sorbent. This i s  comparable t o  
t h e  u t i l i z a t i o n  observed f o r  t h e  lime hydrated w i t h  water (wet method) a t  a t -  
mospheric pressure.  Calcinat ion of limestone under a carbon dioxide atmosphere 
pr ior  t o  steam hydration did not influence the  r e a c t i v i t y  of  t h e  sorbent .  

CONCLUSIONS 

Hydration of  lime w i t h  alcohol-water solut ion (ethanol o r  me hanol) a t  atmospheric 

sulfur  dioxide sorp t ion  capac i t ies  equal t o  o r  g r e a t e r  than those of  commercially 
prepared pressure-hydrated limes. Calcium u t i l i z a t i o n  depended on the parent lime- 
stone, the concentrat ion of alcohol i n  t h e  hydrating so lu t ion  and the amount of  
alcohol used during t h e  post-hydration s tep .  A 1 inear  re la t ionship  was obtained 
between calcium u t i l i z a t i o n  and BET (N2) surface area.  Reac t iv i t ies  of the samples 
tested showed t h e  following trend: 

pressure produced sorbents  w i t h  surface areas  a s  high a s  75 rn !? /g. The hydrates had 

Ethanol-water hydration = methanol-water hydration > pressure 
hydration > steam hydration = hydration w i t h  water > lime 

Finally, i t  should be noted t h a t  the  calcium u t i l i z a t i o n s  were obtained a t  850'C 
f o r  su l fa t ion  times of 60 minutes. For prac t ica l  appl icat ion of results, r e a c t -  
iv i ty  da ta  should be evaluated under condi t ions representa t ive  of coa l - f i red  
boi lers ,  i .e .  high temperature, shor t  residence time. 
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Table 1. Characterization of limestones 

Sample ID Geoloaic unit Spec. 
Location Grain-size grav. CaO MgO C02 A1203 Fez03 Si02 Na20 

Limestone A B url inaton Ls. 
Western Ill. Coarse 2.61 53.8 0.3 42.6 0.1 tr+ 1.1 0.02 

Limestone B Fiborn L s .  
Upper Mich. Fine 2.64 54.3 0.9 43.8 0.2 0.2 0.7 nil 

* Analyses in weight percent. 
+ trace 
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Table 2. Summarv o f  s u l f a t i o n  data o f  hydrates 
P a r t i c l e  Ca lc ina t ion  Hydrat ion Calcium Surface 
sizea atmosphere method conversionb 

-100 - -_  _ _ _  95 17.2 BC 
A 100x150 steam 68 
A 100x150 475 atm 76 15.4 

120 atm 91 21.4 
none 85 20.7 

A 100x150 N2 

none 75 
A -325 N2 

93 34.3 
B -325 N2 

d r y  
d r y  59 37.4 

B 100x150 N2 
A 100x150 

B 100x150 N2 wet (20xstoich) 94 49.0 
A 100x150 none 37 12.9 
A 100x1 50 N2 wet (5xstoich) 69 46.1 

100x1 50 C02 steam 68 10.5 A 

Limestone (mesh) % (m /g) 

_- -  

_ _ _  
A 100x150 N2 wet (20xstoich) 67 47.3 

A 100x150 wet (20xstoich) 78 33.3 

B 100x150 N2 none 33 _ _ _  

a p a r t i c l e  s i z e  p r i o r  t o  hydra t ion  step 
b a f t e r  60 minutes 
Ccomerc i  a1 hydra te  

Table 3. Summarv o f  s u l f a t i o n  data o f  a lcohol-water hvdratesaVb 

TG Hydra t ion  Concentration o f  Amount o f  Calcium Surface 
No. method alcohol  i n  so lu t i on  alcohol  wash conversionC 

weight % gm/gm l i m e  % 

91 
92 
98 

106 
104 
105 
96 

100 
95 
93 
97 
89 
90 

108 

d r y  ( t x s t o i c h )  
d r y  (Zxs to ich)  
d r y  ( t x s t o i c h )  
wet (5xs to ich)  
wet (5xs to ich)  
wet (5xs to ich)  
wet (5xs to ich)  
wet (5xs to ich)  
wet (20xstoich) 
wet (15xstoich) 
wet ( IOxs to ich)  
wet ( IOxs to ich)  
wet ( IOxs to ich)  
wet (10xstoich) 

0 
10 
50 
0 
0 

30 
30 
30 

0 
14 
10 
50 
50 
50 

0 
0 
0 
0 
7 
0 
3 
7 
0 

10 
3 

25 
25 
10 

59 
67 
79 
69 
79 
79 
86 
93 
67 
94 
78 
96 
94 

100 

37.4 
43.5 
64.3 
46.1 
49.1 
44.7 
66.4 
70.1 
47.3 
59.4 
53.9 
63.7 
75.3 
- - _  

ahydrates were produced from l i m e  A except TG 108 which was prepared f r o m  Lime B 
bmethanol was used f o r  alcohol-water hydra t ion  t e s t s  except f o r  TG 90 ethanol was 

Cafter 60 minutes 
used 
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I TG 1 O r  

Time (min ) 

TG 56 
TG 65 
TG 72 
TG 03 
TG 86 
TG 91 
TG 95 
TG 101 
TG 100 

TG A8 
TG 102 

TG106 

Commercial hydrate B 
Lime A (100 x 150) 
Lime B (100 x 150) 
Lime A (-325 mesh) 
Lime B (-325 meshl 
Dry hydrate A 
Wel hydrate A (20 x ~toich) 
Wet hydrate B (20 x slotch) 
Hydale A prepared bn a 50% 
melhanol-water ~ l u t i o n  
Dry hydrate B 
Wet hydrateA 120 xsto~ch) 
caIcinedmC0, 
Wet hydrateA r5x SlOiCh) 

Figure 1. The e f f e c t s  o f  hydrat ion method, parent l imestone, 
and ca l c ina t i on  atmosphere on the  r e a c t i v i t y  o f  hydrates. 

Time (mm ) 

F igure 2. Su l fa t i on  r e a c t i v i t i e s  o f  alcohol-water 
hydrates. 

515 



1 

3' 

E Amount of alcohol in 
post-hydrelmg washing Hydration 1 TG 91 2 -  (gmigm lhme) method 2 TG 92 

3 TG 98 
4 TG 95,106 
5 TG 105 

A 7  wet 6 TG 97 
7 TG 96 - 8 TG 104 
9 TG 100 

. P IO we1 

m 3  wet 

e o  - wet 

8 
40- 

10 TG 93 
20- v o  dry I1 TG 89 

- 
Prcducsd from lime A 

o+ 
0 ' IO I L l  do I 40 ' 50 

Methanol in hydration solution (%) 

F igure  3. The in f luence o f  methanol on hydrated 
products. 

Figure 4. Rela t ionsh ip  between calcium 
u t i l i z a t i o n  and surface area f o r  
methanol -water hydrates. 

Bo. 

z -  
I M. 

t 1 -  

P l r n Y M  ,mm 1rm A 

a-- i o  zb j, i o  io sb 
=me i m n l  

F igure 5. S u l f a t i o n  r e a c t i v i t i e s  o f  
samples prepared by steam 
and pressure hydrat ion (PH)  
methods. 
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REACTION OF A C I D  GASES WITH SOLID ALKALI FLOWING I N  A DUCT: 
SO2 REACTION WITH LIME 
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BRANCHBURG, NJ 08876 

ABSTRACT 

Many new f l u e  gas d e s u l f u r i z a t i o n  processes a r e  be ing  developed where an a c i d  gas 
and a l k a l i  a r e  reac ted  c o c u r r e n t l y  i n  a duc t .  So lu t i ons  t o  the  m a t e r i a l  ba lance 
equat ions f o r  cocu r ren t  f l o w  processes have been so lved f o r  t h e  cases when t h e  
convers ion  i s  l i m i t e d  by gas phase d i f f u s i o n ,  r e a c t i o n  k i n e t i c s ,  o r  d i f f u s i o n  t h r u  
the  product l a y e r .  The s o l u t i o n s  a re  presented i n  a g raph ica l  form and can be 
used t o  de termine t h e  res idence t ime  requ i red  t o  ach ieve  a s p e c i f i e d  convers ion  o f  
t h e  gaseous component p r o v i d i n g  the  approp r ia te  r a t e  cons tan t  i s  known. The 
curves can a l s o  be used t o  determine a r a t e  c o n t r o l l i n g  s tep  from convers ion  
versus t ime  da ta  taken i n  an iso thermal  f l o w  reac to r .  Th i s  method i s  a p p l i e d  t o  
t h e  a p p l i c a t i o n  o f  t he  h i g h  temperature r e a c t i o n  o f  l i m e  w i t h  SO2 f o r  c o n d i t i o n s  
t h a t  would occur  i n  the  duc t  downstream o f  a d i r e c t  coa l  f i r e d  heat eng ine  
combustor. 

INTRODUCTION 

Low c a p i t a l  c o s t  f l u e  gas d e s u l f u r i z a t i o n  processes a r e  be ing  developed t o  address 
t h e  p o t e n t i a l  market f o r  r e t r o f i t  systems on e x i s t i n g  b o i l e r s  bu rn ing  medium t o  
h igh  s u l f u r  coa l .  Many o f  these new systems i n v o l v e  t h e  i n j e c t i o n  o f  a d r y  s o l i d  
o f  ca lc ium o r  sodium a l k a l i  i n  t he  duc t  t o  r e a c t  w i t h  t h e  SO2 i n  t he  f l u e  gas. 
Calcium a l k a l i  tend t o  be the  p re fe r red  reagents compared t o  those o f  sodium 
because o f  t h e  a v a i l a b i l i t y  and lower  cos t .  

The s to i ch iomet ry  r a t i o  o f  moles o f  ca l c ium fed  t o  t h e  moles o f  SO2 i s  o f t e n  i n  
the  range o f  2 t o  3 f o r  t h e  i n - d u c t  processes. Attempts t o  improve the  u t i l i z a -  
t i o n  o f  reagen t  have s t ressed  the  need f o r  smal l  p a r t i c l e s  o f  h i g h  BET s u r f a c e  
area and p o r o s i t y .  Calcium hydroxide, commerc ia l l y  produced, w i t h  those prop-  
e r t i e s  has achieved the  h i g h e s t  u t i l i z a t i o n s  compared t o  o t h e r  ca l c ium a l k a l i .  

I n j e c t i o n  processes may a l s o  be f e a s i b l e  f o r  removing SO2 f rom f l u e  gas produced 
b y  a d i r e c t  coal  f i r e d  h e a t  eng ine  combustor. I n  t h i s  a p p l i c a t i o n  the  gas i s  
expected t o  be a t  a h igh  temperature and pressure.  Th is  paper p resents  es t ima tes  
o f  the  r e a c t i o n  t ime  r e q u i r e d  f o r  a v a r i e t y  o f  o p e r a t i n g  cond i t i ons  where t h e  
reagent i s  ca l c ium hydrox ide .  

PREVIOUS WORK 

Borgwardt, e t  a1.(2) have shown I h a t  t he  u t i l i z a t i o n  o f  ca l c ium ox ide  p a r t i c l e s  
w i t h  a BET su r face  area o f  32 m /g  r e a c t i n g  w i t h  COS a t  5000 ppm a t  7OO0C i s  
independent over  a p a r t i c l e  s i z e  range o f  1 t o  9.4 microns. They concluded t h a t  
t h e  r e a c t i o n  occurs e q u a l l y  th roughout  the  p a r t i c l e  and t h a t  pore d i f f u s i o n  
res i s tance  must be i n s i g n i f i c a n t .  

I n  a l a t e r  s tudy  Borgwardt and Bruce ( 1 )  measured the  convers ion  o f  1 m i c r o n  
ca lc ium o x i d e  p a r t i c l e s  b y  r e a c t i o n  w i t h  SO2 a t  a concen t ra t i on  o f  3000 ppm i n  a 
d i f f e r e n t i a l  r e a c t o r  over  a temperature range o f  760 t o  1125OC. The p r i m a r y  
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r e s i s t a n c e  t o  SO2 abso rp t i on  was i o n i c  d i f f u s i o n  t h r u  the  produc t  l a y e r .  A 
convent iona l  g r a i n  model a c c u r a t e l y  c o r r e l a t e d  the  data when t h e  concen t ra t i on  o f  
t h e  d i f f u s i n g  i o n  was computed t o  be p r o p o r t i o n a l  t o  the  gas concen t ra t i on  t o  t h e  
0.62 power. 

Bortz;  e t  a1.(3) h a s  s t u d i e d  the  r e a c t i o n  o f  smal l  p a r t i c l e s  o f  ca l c ium hyd rox ide  
a t  temperatures o f  450 t o  6OO0C which a re  t y p i c a l  o f  economizers on u t i l i t y  
b o i l e r s .  These t e s t s  were done i n  an iso thermal  f l o w  reac to r .  Wi th  par i c l e s  i n  
the  range o f  1 t o  5 microns  w i t h  BET su r face  areas g rea te r  t h a t  20 m /gm, t h e  
abso rp t i on  o f  SO2 was dependent on the  gas phase mass t r a n s f e r  ra tes  o f  SO2 
r e l a t i v e  t o  the  k i n e t i c  r a t e  o f  COz w i t h  the  hydroxide. Pore d i f f u s i o n  
r e s i s t a n c e  was n e g l i g i b l e .  

5 '  

THEORY 

A genera l i zed  r e a c t i o n  o f  a s i n g l e  gas A r e a c t i n g  i r r e v e r s i b l e  w i t h  s o l i d  B i s  
g i ven  by  Equat ion  1 where a and b a r e  the  s t o i c h i o m e t r i c  c o e f f i c i e n t s .  

a A (gas) t b B ( s o l i d )  -$ Products 1) 

When the  r e a c t i o n  r a t e  i s  c o n t r o l l e d  by  d i f f u s i o n  o f  t he  gaseous r e a c t a n t  t h r u  t h e  
i n e r t  l a y e r  o f  p roduc t  formed ove r  t h e  unreac ted  c o r e  o f  s o l i d  reagent,  t h e  r a d i u s  
o f  the  unreac ted  co re ,  r, a t  any t ime  i s  g i ven  by  ( 4 ) :  

Fo l l ow ing  t h e  approach used by Borgwardt and Bruce (1) the  i n i t i a l  g r a i n  r a d i u s  o f  
t h e  s o l i d ,  R, i s  r e l a t e d  t o  the  BET area by: 

R = 3/(SaP) = 3/(lO4Sgp) 3 )  

By express ing  the  moles o f  s o l i d  r e a c t a n t  reamaining a t  any t ime  pe r  mole o f  gas 
r e a c t a n t  a t  t h e  i n l e t  t o  t h e  f r a c t i o n  of reac tan t  A remaining the  p a r t i a l  p ressure  
o f  r e a c t a n t  A can be expressed as:  

PA = PAin [p ( is " - %] = PAinE(;s t 1-s3 4)  

where F i s  t h e  moles o f  s o l i d  r e a c t a n t  B fed/moles o f  gas reac tan t  A. 

The f r a c t i o n  removal e f f i c i e n c y  i s  r e l a t e d  t o  the  p a r t i a l  p ressure  o f  r e a c t a n t  A 
by: 

1-E = P A / P A ~ ~  5) 

Combining Equat ions  4 and 5 g ives  the  g r a i n  r a d i u s  a t  any t ime i n  terms o f  t h e  
f r a c  ti ona l  removal e f f i c i ency : 

( r /R )  = [ J  l - (E /SJ  'I3 6) 

The concen t ra t i on  term C i n  Equat ion  2 i s  t h a t  o f  t h e  spec ie  t h a t  d i f f u s e s  
t h r u  t h e  produc t  l aye r .  i o r g w a r d t  and Bruce ( 1 )  expressed t h e  concen t ra t i on  i n  
terms o f  t h e  p a r t i a l  p ressure  o f  t he  gas a s :  

C A  = koPAm 7)  
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S u b s t i t u t i o n  o f  Equat ion  4 i n t o  Equat ion 7, and then s u b s t i u t i o n  o f  t h e  r e s u l t  
i n t o  Equat ion 1 and i n t e g r a t i n g  f rom the  i n i t i a l  c o n d i t i o n  r / R  equal  1.0 a t  t ime 
zero g ives :  

where x i s  se t  equal t o  r / R  and kd i s  t he  lumped cons tan t :  

Assuming m i s  f i x e d  the  va lue  o f  t he  i n t e g r a l  i s  determined f o r  any s p e c i f i e d  feed 
r a t i o  and f i n a l  f r a c t i o n a l  convers ion  e f f i c i e n c y .  The upper  l i m i t  on the  i n t e g r a l  
i s  found from Equat ion  6 .  A n a l y t i c a l  s o l u t i o n s  f o r  t he  i n t e g r a l  f o r  a l l  r e a l  value 
o f  m when S equals 1.0 and f o r  a l l  values o f  S when m equa ls  1.0 a re  l i s t e d  i n  
Table 1. 

When t h e  convers ion  o f  r e a c t a n t  A i s  c o n t r o l l e d  by a f i r s t  o rde r  r e a c t i o n  
w i t h  respec t  t o  A a t  t he  su r face  o f  t he  unreacted core ,  t he  rad ius  o f  t he  
unreacted co re  i s  g iven  by  ( 4 ) :  

By u t i l i z i n g  Equat ions 3 t o  7 i n  an analagous manner, w i t h  m s e t  equal t o  1.0 t h e  
Equat ion 10 can be expressed as:  

IC = -/ x f  dx  = k rd t  
sx3 + 1-s 

111 

where kc i s :  

kc = l o 4  krkoMSg(b/a)pAin/3 12) 

The a n a l y t i c a l  s o l u t i o n  o f  t h e  i n t e g r a l  i n  Equat ion 11 i s  g i ven  i n  Tab le  1. 

I f  t he  convers ion  o f  r e a c t a n t  A i s  c o n t r o l l e d  by  d i f f u s i o n  from t h e  bu lk  gas t o  
the  ou te r  su r face  o f  t h e  g ra in ,  t he  r a d i u s  o f  t he  unreacted core  i s  g i ven  by  ( 4 ) :  

Wi th  m equal t o  1.0, Equat ion 13 can be expressed as: 

where kg i s :  
kg = l o 4  kGkop~ inM(b/a)Sg/3  

The a n a l y t i c a l  s o l u t i o n  o f  t he  i n t e g r a l  i s  g i ven  i n  Table 1 

The values o f  t he  i n t e g r a l s  g i ven  by  Equat ions 8 f o r  m=l and Equat ions 11 and 14  
a re  p l o t t e d  on F igures  1, 2, and 3, r e s p e c t i v e l y .  These r e l a t i o n s h i p s  do n o t  
account f o r  expansion o r  c o n t r a c t i o n  o f  t he  o u t e r  r a d i u s  o f  t he  g r a i n  f rom t h e  
d i f f e r e n c e s  i n  the  molar volumes o f  t h e  r e a c t a n t  and produc t .  
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APPLICATION OF THE GRAPHICAL SOLUTIONS 

Wi th  convers ion  versus t i m e  da ta  t a k e n  i n  a f l o w  r e a c t o r  t h e  g raph ica l  s o l u t i o n s  
prov ide  a r a p i d  method o f  de te rm in ing  i f  the  convers ion  i s  c o n t r o l l e d  b y  one o f  
t he  t h r e e  assumed mechanisms. For t h e  known va lue  o f  S and measured va lue  o f  E, a 
va lue  o f  I i s  read from each cu rve  and d i v i d e d  b y  t h e  res idence t ime  t o  g e t  
va lues  f o r  t he  cons tan ts  k and k . Th is  process i s  repeated  f o r  each 
s e t  o f  da ta  taken. I f  the  q i m p k '  paramet%r f o r  any  one o f  t he  mechanisms i s  
cons tan t  t hen  t h a t  mechanism i s  a p p l i c a b l e  t o  the  process. I f  some t e s t  runs  used 
d i f f e r e n t  i n i t i a l  gas concen t ra t i ons  t h a t  e f f e c t  can be i s o l a t e d  from the  computed 
cons tan ts .  

For a known r e a c t i o n  system where one o f  t he  t h r e e  assumed mechanisms i s  
a p p l i c a b l e  and i f  t h e  r a t e  cons tan t  i s  a l s o  known then  t h e  g raph ica l  s o l u t i o n  can 
be used t o  compute the  res idence t i m e  i n  a f l o w  r e a c t o r .  For  example, assume a 
r e a c t i o n  i s  c o n t r o l l e d  b y  d i f f u s i o n  o f  t h e  gas t h r u  the  produc t  l a y e r ,  so t h a t  m 
i s  1.0, t h e  BET area  i s  known, and the  d i f f u s i o n  c o e f f i c i e n t  had been de termined 
from a da ta  on a d i f f e r e n t i a l  r e a c t o r .  The lumped parameter k can be computed 
from Equat ion  9. F igu re  1 would then  be used t o  read  a va lue  o #  the  i n t e g r a l  f o r  
any values o f  S and E se lec ted .  The requ i red  res idence t ime  can be e a s i l y  computed 
f o r  each case by  d i v i d i n g  the  value o f  t he  i n t e g r a l  by  the  lumped cons tan t .  

SO2 REACTION WITH LIME AT HIGH TEMPERATURE 

I f  ca lc ium hydrox ide  i s  i n j e c t e d  i n t o  a h o t  f l u e  gas where t h e  tempera ture  exceeds 
7OO0C dehydra t i on  o f  t h e  p a r t i c l e  occurs ve ry  r a p i d l y .  The ca l c ium o x i d e  
t h a t  forms i s  a smal l  p a r t i c l e  wi th about 50 % p o r o s i t y  and a h i g h  s u r f a c e  area. 
For t h i s  a p p l i c a t i o n  the  g r a i n  model shou ld  be app l i cab le .  The r e a c t i o n  o f  t he  
SO2 w i t h  t h e  l i m e  a t  these c o n d i t i o n s  produces ca l c ium s u l f a t e ,  and can be 
expressed as: 

SO2 (gas)  + CaO ( s o l i d )  -> Products 16 1 
For t h i s  r e a c t i o n  a and b a re  bo th  1.0. 

One such commercial a p p l i c a t i o n  may be i n  t h e  removal o f  SO2 ,from t h e  combust ion 
gas from a d i r e c t  coa l  f i r e d  t u r b i n e  o p e r a t i n g  a t  temperatures i n  t h e  range o f  950 
t o  12OO0C a t  pressures o f  1013 t o  1520 kPa (IO t o  15 atm).  By removing the  
S02, a t  t h e  h i g h  pressure  t h e  volume of t he  gas be ing  t r e a t e d  i s  much l e s s  than 
downstream o f  t h e  t u r b i n e .  The f e a s i b i l  t y  o f  u s i n g  ca l c ium hydrox ide  i n j e c t i o n  
upstream o f  t h e  t u r b i n e  t o  remove the  SO2 depends on the  r e a c t i o n  t ime  
requ i red .  

The data o f  Borgwardt and Bruce (1) can be used i n  con junc t i on  w i t h  Equat ion 8 t o  
es t imate  the  res idence t ime. They concluded the  convers ion  o f  l i m e  a t  these 
temperatures i s  c o n t r o l l e d  b y  i o n i c  d i f f u s i o n  t h r u  t h e  produc t  l a y e r ,  where m i s  
0.62 and the  d i f f u s i o n  c o e f f i c i e n t  i n  Equat ion  9 i s  expressed as: 

Od = Do * exp(-E'/RT) 17 1 
where E' i n  Equat ion  17 i s  t h e  a c t i v a t i o n  energy o f  36,600 kcal /mol and T i s  t he  
temperature i n  OK. S u b s t i t u t i o n  o f  Equat ion 17 i n t o  Equat ion  9 y i e l d s :  

kd = (10BMkoDoP/9)(Sg2p~02in.62 exp(-E' /RT)) 18 1 
Borgwardt and Bruce c o r r e l a t e d  kd by: 

kd'(108MkoDop/9)(6SgZ~~02in.62)*exp(-E'/RT)=2.65Sg2p~02in.62 exp (-E' /RT) 19) 
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Equat ing the  second and t h i r d  terms i n  Equat ion  1 9  g ives :  

lo8 *M*ko*DO* / 9  = 2.65/6 = 0.4417 

Equat ion 18 can now be w r i t t e n  as: 

k d  = 0.442 * Sg2p~02in.62*eXp(-36,600/RT) 

Since m equals 0.62, Equat ion  8 must be so lved numer i ca l l y  except  when S equals 
1.0. The va lues  f o r  t he  i n t e g r a l  a re  g i ven  i n  F igure  4. To compute t h e  convers ion  
t ime,  t h e  temperature,  feed r a t i o ,  i n l e t  SO2 concen t ra t i on  and o p e r a t i n g  
pressure must be spec i f i ed .  The i n l e t  p a r t i a l  p ressure  o f  SO i s  t hen  computed 
and Equat ion 19 i s  used t o  compute kd. For the  s p e c i f i e d  $ r a c t i o n a l  removal 
e f f i c i e n c y  a va lue  o f  I d  i s  read fom F igu re  4 and d i v i d e d  by  kd T.0 o b t a i n  t h e  
r e a c t i o n  t ime. Tab le  2 summarizes c a l c u l a t i o n s  f o r  t he  r e a c t i o n  t ime  when the  
opera t i ng  pressure  i s  s e t  a t  1520 kPa (15 atm). A t  t h e  h i g h e r  temperature a lower  
BET area was assumed t o  account f o r  s i n t e r i n g .  

CONCLUSIONS 

For d r y  i n j e c t i o n  FGD processes u t i l i z i n g  smal l  p a r t i c l e s  o f  ca l c ium hyd rox ide  o r  
ca lc ium o x i d e  a g r a i n  model can be used t o  rep resen t  the  reagent  u t i l i z a t i o n .  

The r e a c t i o n  t ime  requ i red  f o r  t he  h igh  temperature,  h i g h  pressure  convers ion  o f  
SO2 w i t h  smal l  l i m e  p a r t i c l e s  can be p r e d i c t e d  w i t h  a m o d i f i e d  g r a i n  model t h a t  
accounts f o r  t h e  changing SO2 p a r t i a l  p ressure  when the  r a t e  c o n t r o l l i n g  s t e p  i s  
d i f f u s i o n  t h r u  the  produc t  l a y e r .  
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NOMENCLATURE 

A - gaseous r e a c t a n t  
a - s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  gas A 
B - s o l i d  r e a c t a n t  
b - s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  s o l i d  r e a c t a n t  B 
C - c o n c e n t r a t i o n  o f  d i f f u s i n g  specie,  gmol/cm 

- d i f f u s i o n  c o e f f i c i e n t  i n  p roduc t  l a y e r ,  cm /sec - Ar rhen ius  pre-exponent ia l  f a c t o r  
- f r a c t i o n  convers ion  e f f i c i e n c y  o f  gaseous r e a c t a n t  
- apparent  a c t i v a t i o n  energy taken as 36,600 cal /gmol 
- moles o f  r e a c t a n t  s o l i d  fed/mole o f  gas r e a c t a n t  f ed  
- i n t e g r a l  de f i ned  by  Equat ion 11 
- i n t e g r a l  de f i ned  by  Equat ion 8 - i n t e g r a l  i ned  by  Equat ion 14  

- c o n s t a n t  de f i ned  b y  Equat ion 12 
- c o n s t a n t  de f i ned  b y  Equat ion 9 
- c o n s t a n t  de f i ned  b y  Equat ion 15 
- gas phase c o e f f i c i e n t  i n  Equat ion  13, cm/sec 
- c o n s t a n t  de f i ned  by  Equat ion 7 - r e a c t i o n  r a t e  cons tan t  i n  Equat ion 10, cm/sec 
- m o l e c u l a r  we igh t  o f  reac tan t  s o l i d  
- cons tan t  de f i ned  b y  Equat ion 7 

- p a r t i a l  p ressure  o f  gas A a t  i n l e t  cond i t i ons ,  Pa 
- p a r t i a l  p ressure  o f  SO2, Pa 
- p a r t i a l  p ressure  o f  SO2 a t  i n l e t  c o n d i t i o n s ,  Pa 

# 
EO 
E '  
F 

- ( ( l - S ) / S )  175 

m 
PA - p a r t i a l  p ressure  o f  gas A, Pa 
p~i,, 

;;::in 
R - i n i t i a l  g r a i n  r a d i u s  de f i ned  b y  Equat ion 3, cm; t h e  gas 

c o n s t a n t  i n  Equat ions 17, 18, 19 and 20, 1.987 ca l /gmol -  K 
S - Fa/b 
S - BET a rea  o f  s o l i d ,  c$/g 
Sa - BET a rea  o f  s o l i d ,  m /g 
Tg - tempera ture ,  O K  
t - t ime ,  sec  
X - r / R  where R i s  t he  i n i t i a l  g r a i n  r a d i u s  

- r / R  a t  t h e  end o f  t he  r e a c t i o n  t ime  
- mass p e r  u n i t  volume o f  g ra in ,  g/cm3 
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I TABLE 1: ANALYTICAL SOLUTIONS TO THE INTEGRALS I N  EQUATIONS 8. 11 AND 14 

I n l e t  Tmmp. BET Fmed x x 
SO2 deg C Arma R a t i o  Gas U t i l i -  
ppm r q  m / p  S &sorbed z a t i o n  

S = 1, m = 1: Id = ln(x,) + (I/Xf) -1 

React ion 
Time 
..E 

2000 
1000 
500 

2000 
1000 
500 

1149 8 2.5 90 36 1.904 
1149 8 2.5 00 32 1. 880 
1149 8 2.5 70 28 1.908 

1149 15 2.5 90 36 0.541 
1149 15 2.5 80 32 0.535 
1149 15 2.5 70 28 0.543 

2000 . 927 20 2.5 90 36 3.352 
1000 927 20 2.5 BO 32 3.310 
500 927 20 2.5 70 20 3.360 

2000 927 30 2.5 90 36 1.490 
1000 927 30 2.5 80 32 1.471 
500 927 30 2.5 70 28 1. 493 

2000 927 30 1.0 90 90 17.478 
2000 927 30 1.5 90 60 5.033 
2000 927 30 2.0 90 45 2.486 
2000 927 30 3.0 90 50 0.994 
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THE USE OF ZINC OXIDE SORBENTS TO REMOVE HYDROGEN SULFIDE 
FROM COAL GASES 

Aysel T. A T I M T A Y  and Susan L. LITTLEFIELD 
Department  o f  Chemical  E n g i n e e r i n g ,  Tulane  U n i v e r s i t y ,  
N e w  O r l e a n s ,  LA 70118 

I t  i s  a n t i c i p a t e d  i n  t h e  f u t u r e  t h a t  s y n t h e t i c  f u e l s  d e r i v e d  
from c o a l  w i l l  be  needed t o  r e p l a c e  t h e  l i m i t e d  r e s o u r c e s  of 
p e t r o l e u m  and n a t u r a l  g a s .  Coal  g a s i f i c a t i o n  is  a n e c e s s a r y  s t e p  
i n  t h e  p r o d u c t i o n  o f  t h e s e  s y n t h e t i c  f u e l s .  D u r i n g  c o a l  
g a s i f i c a t i o n  hydrogen  s u l f i d e  is produced i n  oxygen d e f i c i e n t  
s y s t e m s  d u e  t o  t h e  s u l f u r  compounds p r e s e n t  i n  c o a l .  I n  o r d e r  t o  
b e  a b l e  t o  use  c o a l  g a s  i n  m o l t e n  c a r b o n a t e  f u e l  ce l l s  (MCFC) f o r  
e lectr ic  power g e n e r a t i o n ,  hydrogen s u l f i d e  n e e d s  t o  b e  removed 
down t o  1 ppm l e v e l .  T h e r e f o r e ,  i t  i s  v e r y  i m p o r t a n t  t o  d e v e l o p  
some s o r b e n t s  t o  remove H2S from a few R e r c e n t  down t o  1 ppm 
l e v e l  a t  h i g h  t e m p e r a t u r e s  (600 t o  650  C) t o  o b t a i n  g r e a t e r  
p r o c e s s  e f f i c i e n c y  . 

S e v e r a l  metal o x i d e s  a r e  c a p a b l e  of  h i g h  t e m p e r a t u r e  s u l f u r  
removal (Westmoreland and H a r r i s o n ,  1 9 7 6 ) .  I r o n  o x i d e  is one  of  
t h e  m e t a l  o x i d e s  t h a t  h a s  been used t o  d e s u l f u r i z e  coke  oven 
g a s e s .  However, thermodynamic l i m i t a t i o n s  d o e s  n o t  a l l o w  H 2 S  
removal w i t h  i r o n  o x i d e  t o  t h e  low p a r t i a l  p r e s s u r e s  n e c e s s a r y  
f o r  MCFC o p e r a t i o n .  B u t  i t  c a n  be  done  w i t h  z i n c  o x i d e .  
T h e r e f o r e ,  m e t a l  ox ide-based  s o r b e n t s  f o r  h i g h  t e m p e r a t u r e  H2S 
removal h a s  been an a c t i v e  r e s e a r c h  a r e a  i n  r e c e n t  y e a r s .  

There  h a s  been much s t u d y  c o n c e r n i n g  r e a c t i o n s  between z i n c  
o x i d e  (ZnO) a n d  h y d r o g e n  s u l f i d e  ( H 2 S ) .  W e s t m o r e l a n d  a n d  
H a r r i s o n  ( 1 9 7 6 )  h a s  r e p o r t e d  t h e  r e s u l t s  o f  t h e r m o d y n a m i c  
s c r e e n i n g  o f  t h e  h i g h - t e m p e r a t u r e  d e s u l f u r i z a t i o n  p o t e n t i a l  of 28 
meta l  o x i d e s  b y  u s e  o f  t h e  f r e e  e n e r g y  m i n i m i z a t i o n  method.  
According t o  t h e  r e s u l t s  of  t h i s  s t u d y  ZnO is  among t h e  most 
f a v o r a b l e  o x i d e s  b e c a u s e  of t h e  h i g h  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  
ZnO-H2S r e a c t i o n .  In  1977 westmoreland and H a r r i s o n  p u b l i s h e d  
t h e  r e s u l t s  o f  a c o m p a r a t i v e  s t u d y  o f  t h e  k i n e t i c s  o f  
h i g h - t e m p e r a t u r e  r e a c t i o n s  be tween H2S  and s e l e c t e d  m e t a l  o x i d e s .  
The r e l a t i v e  magni tude  o f  t h e  r e a c t i o n  r a t e s  d e t e r m i n e d  was MnO > 
ZnO = CaO > V 0 The major  r e a s o n s  t h a t  ZnO i s  a d e s i r a b l e  
s o r b e n t  a r e  i t 8  Xigh  r e a c t i v i t y ,  h i g h  e q u i l i b r i u m  c o n s t a n t  f o r  
t h e  ZnO - H S r e a c t i o n  and a b i l i t y  of ZnS t o  b e  r e g e n e r a t e d  (Rao 
and Kumar, 1 6 8 1 ) .  

R e s u l t s  r e g a r d i n g  s t r u c t u r a l  changes  i n  t h e  p u r e  ZnO s o r b e n t  
a t  h igh  t e m p e r a t u r e s  a r e  r e p o r t e d  i n  t h e  l i t e r a t u r e  (Ranade and 
H a r r i s o n ,  1 9 8 0 ) .  S i n t e r i n g  a c t u a l l y  causes t h e  p a r t i c l e s  t o  
s h r i n k  r a d i a l l y ,  t h u s  w i t h  t h e  same mass of  p a r t i c l e s  t h e r e  is a 
s m a l l e r  amount of s u r f a c e  a v a i l a b l e  f o r  r e a c t i o n .  
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The s o l u t i o n  to  t h i s  problem c a n  be p roposed  b y  s u p p o r t i n g  
t h e  z i n c  o x i d e  on a s u p p o r t  which can  s t a n d  t o  h i g h  t e m p e r a t u r e s .  
Such a s u p p o r t  c a n  b e  z e o l i t e s .  Thus,  more r e a c t i o n  s u r f a c e  area 
w i l l  b e  a v a i l a b l e  f o r  t h e  r e a c t a n t  and s o r b e n t  e f f i c i e n c y  c a n  b e  
i n c r e a s e d .  

I n f o r m a t i o n  a b o u t  z e o l i t e s  i s  g i v e n  b y  Maxwell ( 1 9 8 2 ) .  
Z e o l i t e s  a r e  c r y s t a l l i n e  a l u m i n o s i l i c a t e s  w i t h  a c h e m i c a l  
c o m p o s i t i o n  o f  t h i s  g e n e r a l  formula:  

Mn+ is t h e  c a t i o n  $$at b a l a n c y g  t h e  n e g a t i v e  c h a r g e  o f  t h e  
f r amework  i o n s ,  S i  a n d  A 1  . The f r a m e w o r k  i o n s  a r e  
t e t r a h e d r a l l y  c o o r d i n a t e d  t o  f o u r  o x y g e n  a n i o n s .  The- 
t h r e e - d i m e n s i o n a l  network is formed by l i n k i n g  ( S i 0 4 )  and ( A 1 0 4 )  
t e t r a h e d r a  t h r o u g h  s h a r e d  oxygen i o n s .  The t e t r a h e d r a  form r i n g s  
which are e n t r a n c e s  t o  c h a n n e l s  o r  c a g e s  i n  z e o l i t e s .  The c a g e s  
d e f i n e  t h e  p o r e  d i a m e t e r  o f  t h e  z e o l i t e  p a r t i c l e .  The d r a w i n g  
below shows t h e  s t r u c t u r e  o f  t h e  m o r d e n i t e ,  Z t y p e  z e o l i t e ,  which 
h a s  been used f o r  t h i s  s t u d y .  In  g e n e r a l ,  z e o l i t e s  h a v e  good 
the rma l  s t a b i l i t y ,  and t h e  framework c a t i o n s ,  u s u a l l y  sodium c a n  
b e  exchanged f o r  d i f f e r e n t  t y p e s  o f  c a t i o n s ,  i n c l u d i n g  z i n c .  The 
m o r d e n i t e  t y p e  o f  z e o l i t e  i s  s i l i c a  r i c h ;  t h e r e f o r e  i t s  
h y d r o t h e r m a l  s t a b i l i t y  i s  g r e a t  ( s t a b i l i t y  i n c r e a s e s  w i t h  
d e c r e a s i n g  aluminum c o n t e n t ) .  T h i s  s t a b i l i t y  made t h e  m o r d e n i t e  
t h e  o b v i o u s  c h o i c e  for t h i s  s t u d y .  Z e o l i t e s  seem t o  be a good 
way t o  combat t h e  l o s s  o f  s u r f a c e  a r e a  o f  t h e  ZnO, d u e  t o  
s i n t e r i n g ,  b e c a u s e  t h e  z e o l i t e  s u p p o r t  w i l l  b e  t h e r m a l l y  s t a b l e  
d u r i n g  t h e  ZnO-H2S r e a c t i o n .  

T h e  o b j e c t i v e  f o r  t h i s  pape r  i s  t o  d e t e r m i n e  i f  u s i n g  
z e o l i t e  s u p p o r t s  f o r  t h e  z i n c  oxide-based s o r b e n t s  improves  
c o n v e r s i o n ,  making z i n c  o x i d e  s u p p o r t e d  on z e o l i t e s  a more 
e f f i c i e n t  s o r b e n t .  E x p e r i m e n t a l l y ,  t h e  r e a c t i v i t y  o f  z i n c  
o x i d e - z e o l i t e  p a r t i c l e s  w i l l  b e  i n v e s t i g a t e d ,  and k i n e t i c  d a t a  
w i l l  be de te rmined  f o r  t h e  r e a c t i o n .  The r e s u l t s  w i l l  t h e n  b e  
compared w i t h  d a t a  found i n  t h e  l i t e r a t u r e .  

M:& [ ( A 1 0 2 )  ( S i 0 2 )  y1 , H 2 0  

EX PER IME NTAL 

The r e a c t i o n  o f  H S w i t h  ZnO o n  z e o l i t e  s u p p o r t ,  whose mean 
d i a m e t e r  was 8.442 mm, was s t u d i e d  i n  t h e  t e m p e r a t u r e  
r a n g e  o f  500 t o  100 C. A p lug- f low r e a c t o r  was used which was 52 
cm long and had an i n s i d e  d i a m e t e r  o f  2 . 2  cm. F i g u r e  2 shows t h e  
s c h e m a t i c  diagram of t h e  react05 system. The t o t a l  g a s  f l o w  r a t e  
was h e l d  a t  h i g h  r a t e  (1200 c m  /min) t o  e l i m i n a t e  t h e  e f fec t  o f  
e x t e r n a l  mass t r a n s f e r  f o r  t h e  g a s  s o l i d  r e a c t i o n .  The s i m u l a t e d  
g a s  m i x t u r e  c o n s i s t e d  o f  4 %  H S, H 2  and t h e  rest  N G a  s 
a n a l y s e s  f o r  e a c h  r u n  were checsed  by t a k i n g  samples ziom t h e  
sample p o r t  i n d i c a t e d  i n  F i g u r e  2 and i n j e c t i n g  i n t o  t h e  Gas  
Chromatograph. 

S o r b e n t  p a r t i c l e s  were p r e p a r e d  b y  s o a k i n g  z e o l i t e  s u p p o r t  
p a r t i c l e s  i n  c o n c e n t r a t e d  z i n c  s u l f a t e  s o l u t i o n ,  t h e n  d r y i n g  them 
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abou t  a8 hour  a t  10o°C and f i n a l l y  r o a s t i n g  them f o r  24 h o u r s  a t  
5 0 0 - 6 0 0  C.  

A f t e r  z e o l i t e  p a r t i c l e s  were p r e p a r e d ,  a s ample  o f  them was 
used to  test f o r  t h e  d e t e r m i n a t i o n  o f  z i n c  l o a d i n g  on t h e  
p a r t i c l e s .  T h i s  tes t  i s  performed by d i s s o l v i n g  t h e  z i n c  o n  t h e  
z e o l i t e  s u p p o r t  i n  c o n c e n t r a t e d  h y d r o c h l o r i c  acid and d e t e r m i n i n g  
t h e  z i n c  c o n t e n t  o f  t h e  s o l u t i o n  b y  a tomic  a b s o r p t i o n  
s p e c t r o f o t o m e t e r .  

The r e a c t i o n ,  H 2 S  + ZnO + ZnS + H 2 0  was performed i n  t h e  
r e a c t o r 6  The r e a c t o r  t e m p e r a t u r e  was v a r i e d  i n  a r a n g e  o f  
500-700 C and gas  samples were t a k e n  e v e r y  2 m i n u t e s  d u r i n g  t h e  
r e a c t i o n  and a n a l y z e d  by GC. A f t e r  t h e  r e a c t i o n  is  c o m p l e t e d ,  
the feed g a s  w a s  c u t  o f f  and reactor was c o o l e d  down t o  room 
t e m p e r a t u r e  w i t h  N2 g a s .  F i n a l l y ,  t h e  samples  were removed and 
ana lyzed  t o  d e t e r m i n e  t h e  e x t e n t  o f  c o n v e r s i o n  o f  ZnO t o  ZnS. 

The s o l u b i l i z a t i o n  o f  ZnO and  ZnS were d i f f e r e n t  a t  
d i f f e r e n t  a c i d i t y  s o l u t i o n s .  By making u s e  o f  t h i s  d i f f e r e n c e  
ZnO and ZnS were d i s s o l v e d  i n  s o l u t i o n s  hav ing  d i f f e r e n t  a c i d i t y  
and  t h e  z i n c  c o n t e n t  o f  t h e s e  s o l u t i o n s  were d e t e r m i n e d  by Atomic 
A b s o r p t i o n  S p e c t r o f o t o m e t e r .  Using t h e  c o n c e n t r a t i o n  of z i n c  i n  
each s o l u t i o n ,  t h e  c o n v e r s i o n  o f  ZnO t o  ZnS was found .  A z i n c  
b a l a n c e  w a s  done f o r  t h e  samples  t o  m a k e  s u r e  t h a t  t h e  amount of  
z i n c  ( i n  ZnO a n d  ZnS form) i n  t h e  p a r t i c l e s  a f t e r  t h e  r e a c t i o n  
was equal  t o  the  t o t a l  amount of z i n c  i n  t h e  pa r t i c l e s  b e f o r e  t h e  
r e a c t i o n .  T h i s  b a l a n c e  was m e t  w i t h i n  + 2 % .  

RESULTS A N D  DISCUSSIONS 

The r e s u l t s  o b t a i n e d  from t h i s  e x p e r i m e n t a t i o n  a re  p r e s e n t e d  
i n  F i g u r e s  3 a n d  4 .  F i g u r e  3 r e p r e s e n t s  t h e  o v e r a l l  s o l i d  
c o n v e r s i o n  o f  ZnO t o  Z a S  w i t h  r e s p e c t  t8 t i m e  f o r  t h e  p a r t i c l e  
s i z e  under  s t u d y  a t  5 0 0  C ,  6OO0C and 700  C. A s  c a n  b e  o b s e r v e d  
from t h e  f i g u r e ,  t h e  o v e r a l l  s o l i d  c o n v e r s i o n  d e p e n d s  o n  
t e m p e r a t u r e  a n d  r e a c t i o n  t i m e .  The o v e r a l l  s o l i d  c o n v e r s i o n  
i n c r e a s e s  a s  t h e  t e m p e r a t u r e  and 5 e a c t i o n  t i m e  i n c r e a s e s .  The 
c o n v e r s i o n  r e a c h e s  t o  100% a t  500 C i n  a b o u t  a t o t a l  r e a c t i o n  
t ime o f  40  minutjes.  The t o t a l  r e a c t i o n  t i m e s  f o r  100% c o n v e r s i o n  
a t  600' and  700  C a r e  a b o u t  3 0  Bnd . lo  m i n u t e s ,  r e s p e c t i v e l y .  The 
r e a c t i o n  t e m p e r a t u r e  above 700 C is n o t  t e s t e d ,  b e c a u s e  o f  t h e  
f o r m a t i o n  o f  m e t a l l i c  z i n c  vapor  above  75OoC. The maximum 
t e m p e r a t u r e  i n  t h e  ZnO-H S s y s t e m  is l i m i t e d  t o  abou t  75OoC 
t h e r m o d y n a m i c a l l y  ( W e s k n o r e l a n d  and  Harr i s o n ,  1 9 7 6 )  . 
E x p e r i m e n t a l  r e s u l t s  h a v e  a l s o  b e e n  r e p o r t e d  a b o u t  t h i s  
t e m p e r a t u r e  a t  somewhat  h i g h e r  v a l u e s  b y  B e v e r i d g e  ( 1 9 6 2 ) .  
During t h e  tests hydrogen h a s  been added t o  t h e  f e e d  g a s  m i x t u r e  
i n  a r a t i o  of 3 molH2/mole o f  H2S t o  p r e v e n t  t h e  d e c o m p o s i t i o n  o f  
H2S a t  h i g h  t e m p e r a t u r e s .  I t  h a s  been shown b y  Westmoreland and 
H a r r i s o n  (1977) t h a t  t h e  H 2  d o e s  n o t  m e a s u r a b l y  a l t e r  t h e  H2S-Zn0 
k i n e t i c s  a t  l o w  t e m p e r a t u r e s  ( <5OO0C) where H2S d e c o m p o s i t i o n  
shou ld  b e  u n i m p o r t a n t .  
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One of  t h e  i m p o r t a n t  r e a s o n s  t o  s u p p o r t  ZnO on  z e o l i t e  i n  
t h i s  s t u d y  was t o  p r o v i d e  b e t t e r  c o n t a c t  between H2S and ZnO 
t h r o u g h  i n c r e a s i n g  t h e  s u r f a c e  a r e a .  The o t h e r  r e a s o n  was t o  
minimize the s t r u c t u r a l  c h a n g e s  of  t h e  ZnO p a r t i c l e s  d u r i n g  
r e a c t i o n  due t o  s i n t e r i n g  e f f e c t s .  Ranade and H a r r i s o n  (1980)  
have found i n  t h e i r  s t u d y  of ZnO-H2S r e a  t i o n  t h a t  f u r f a c e  a r e a  
o f  p u r e  ZnO p a r t i c l e s  d e c r e a s e s  from 3 4  m /g t o  1 6  m /g a t  50O0C 
( a  53% d e c r e a s e  i n  t h e  s u r f a c e  a r e a ) .  T h i s  change i s  more s e v e r e  
a t  h i g h e r  t e m p e r a t u r e s .  S i n c e  t h e  molar  volumes o f  ZnO and ZnS 
a r e  n o t  v e r y  d i f f e r e n t ,  p o r e  p l u g i n g  c o u l d  n o t  b e  a problem 
d u r i n g  t h e  r e a c t i o n .  T h e r e f o r e ,  t h e y  h a v e  a t t r i b u t e d  t h i s  
d e c r e a s e  i n  s u r f a c e  a r e a  t o  s i n t e r i n g  e f f e c t s  which c a u s e s  t h e  
p a r t i c l e s  t o  s h r i n k  under  t h e  e f f e c t  o f  h i g h  t e m p e r a t u r e s ,  t h u s  
d e c r e a s i n g  t h e  a v a i l a b l e  s u r f a c e  area f o r  t h e  r e a c t i o n  
c o n s i d e r a b l y .  

5 

The answer t o  t h e  q u e s t i o n  "Did s t r u c t u r a l  changes  o c c u r  i n  
t h e  ZnO-zeol i te  p a r t i c l e s  d u e  t o  r e a c t i o n ? "  was i m p o r t a n t  i n  
t h i s  s t u d y .  The BET s u r f a c e  a r e a  measurements  on t h e  p a r t i c l e s  
b e f o r e  and a f t e r  r e a c t i o n  were performed u s i n g  t h e  Accusorb 
a p p a r a t u s  ( M i c r o m e r i t i c s  Model 2100E).  

Table  I l i s t s  t h e  s u r f a c e  a r e a  o f  r e a c t e d  and u n r e a c t e d  
p a r t i c l e s  f o r  t h e  l o n g e s t  r e a c t i o n  t i m e s  f o r  e a c h  r e a c t i o n  
t e m p e r a t u r e .  The BET s u r f a c e  a r e a  o f  (an  a v e r a g q  o f  f i v e  
b a t c h e s )  u n r e a c t e d  ZnO-zeol i te  p a r t i c l e s  is 31.8 m /g. The 
c o r  es onding s u r f a c e  a r e a s  f o r  p a r t i c l 5 s  r e a c t e d  a t  500' and 
600 C f o r  5 0  m i n u t e s  a r e  28.2 and 28.1 m / g ,  r e s p e c t i v e l y .  The 
change  is o n l y  11% f o r  t h e s e  t e m p e r a t u r e s .  A t  700°C, t h e  c h a n g e  
becomes a l i t t l e  h i g h e r ,  b e i n g  1 5 % .  These c h a n g e s  i n  s u r f a c e  
a r e a  are s m a l l  a s  comp3red t o  53% change  r e p o r t e d  by Ranade and 
H a r r i s o n  (1981)  a t  500 C. Z e o l i t e  s u p p o r t  is n o t  e x p e c t e d  t o  
s i n t e r .  I t  i s  t h e r m a l l y  s t a b l e .  T h e r e f o r e ,  t h e  c h a n g e  i n  
s u r f a c e  a r e a  c o u l d  b e  a t t r i b u t g d  t o  p a r t i a l  s i n t e r i n g  of ZnO w i t h  
z e o l i t e ,  e s p e c i a l l y  a round 700 C. However, some in-depth  s u r f a c e  
s t u d i e s  a r e  needed t o  answer t h i s  q u e s t i o n  c o r r e c t l y .  

A d i r e c t  compar ison  of  t h e  c o n v e r s i o n  v e r s u s  t i m e  c u r v e s  
w i t h  t h e  d a t a  o b t a i n e d  from l i t e r a t u r e  c o u l d  n o t  b e  d o n e ,  b e c a u s e  
o f  t h e  v a s t  d i f f e r e n c e  i n  t h e  s y s t e m s .  Ranade and H a r r i s o n  
( 1 9 8 0 )  h a v e  i n v e s t i g a t e d  t h e  H S a b s o r p t i o n  w i t h  p u r e  Z n O  
p e l l e t s ,  however o u r  s t u d y  u s e s  Zn% s u p p o r t e d  on z e o l i t e .  Also,  
p a r t i c l e  s i z e ,  s h a p e ,  z i n c  c o n t e n t  w i l l  make t h e  d i f f e r e n c e  i n  
comparison.  P r a c t i c a l l y  no i n f o r m a t i o n  i s  a v a i l a b l e  i n  t h e  
l i t e r a t u r e  on t h e  u s e  of  z i n c  o x i d e  on a c a r r i e r  o r  s u p p o r t  to  
a b s o r b  hydrogen s u l f i d e  from h o t  c o a l  g a s e s .  

K i n e t i c  c o n s t a n t s  h a v e  been c a l c u l a t e d  f o r  t h e  r e a c t i o n  
between H 2 S  and ZnO. Z e o l i t e  p a r t i c l e s  u s i n g  e x p e r i m e n t a l  d a t a .  
The r a t e  c o n s t a n t  h a s  t e e n  f o u n d  t o  o b e y  t h e  A r r h e n i u s  
r e l a t i o n s h i p .  

E i p  

k = A e x p  ( - E / R T )  

529 



The A r r h e n i u s  p l o t  i s  shown on  F i g u r e  4 .  A l e a s t  s q u a r e s  l i n e a r  
f i t  h a s  been used f o r  t h e  d a t a  p o i n t s  t o  f i n d  t h e  s l o p e  and t h e  
i n t e r c e p t .  The c o r r e l a t i o n  c o e f f i c i e n t  is 0.949. The f r e q u e n c y  
f a c t o r ,  A,  h a s  been found t o  be 1.781 c m  /min-mol and t h e  
a c t i v a t i o n  e n e r g y ,  E ,  h a s  been found t o  b e  4355.5 c a l o r i e s / m o l .  
The a c t i v a t i o n  e n e r g y  i s  s m a l l .  Normally,  s u c h  a low v a l u e  would 
i n d i c a t e  mass t r a n s f e r  l i m i t a t i o n s .  T h i s  i s  e x p e c t e d  i n  t h i s  
s y s t e m ,  b e c a u s e  of u s e  of z e o l i t e s  a s  s u p p o r t  f o r  ZnO. U s u a l l y  
z e o l i t e s  have  s m a l l  p o r e s .  The d i f f u s i o n  r e s i s t a n c e  i n  z e o l i t e s  
i s  h igh .  A l s o ,  h i g h  t e m p e r a t u r e  g a s - s o l i d  r e a c t i o n s  tend  t o  b e  
d i f f u s i o n  c o n t r o l l e d .  However, t h i s  i s  t h e  f i r s t  t r i a l  on t h i s  
c o n c e p t  of u s i n g  s u p p o r t  m a t e r i a l  f o r  m e t a l  o x i d e s  t o  increase 
t h e  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n .  A l s o ,  a u t h o r s  wanted t o  
t e s t  i f  z e o l i t e  had any  e f f e c t  b y  i t s e l f  on H2S a b s o r p t i o n .  A 
b a s e  e x p e r i m e n t  h a s  been conducted  u s i n g  p l a i n  z e o l i t e s  (no  ZnO 
d e p o s i t s ) .  No d e c r e a s e  i n  H 2 S  c o n c e n t r a t i o n  h a s  been  o b s e r v e d  
w i t h  t i m e .  

CONCLUSIONS 

Using z e o l i t e  a s  s u p p o r t  m a t e r i a l  f o r  z i n c  o x i d e  d o e s  n o t  
seem t o  be s u i t a b l e .  A h i g h e r  p o r o s i t y  and l a r g e r  p o r e s  are 
d e s i r a b l e  f o r  t h i s  k ind  of a p p l i c a t i o n .  N e v e r t h e l e s s ,  t h e  
r e s u l t s  of  t h i s  s t u d y  showed t h a t  s i n t e r i n g  of s o r b e n t  p a r t i c l e s  
c a n  b e  minimized or p r e v e n t e d  b y  u s i n g  t h i s  new c o n c e p t  o f  
d e p o s i t i n g  m e t a l  o x i d e s  on t h e r m a l l y  s t a b l e  s u p p o r t s .  F u r t h e r  
r e s e a r c h  on t h i s  s u b j e c t  i s  i n  p r o g r e s s .  
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TABLE I .  BET SURFACE AREAS POR MAXIMUM REACTION TIME 
(TIME = 50 MINUTES) 

2 
SAMPLE SURFACE AREA ( m  /g) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RUN NO. 5 
T = 5 0 0  C 

RUN NO. 10 
T = 6 0 0  C 

RUN NO. 11 
T = 7 0 Q  C 

UNREACTED 

PARTICLES 
ZnO-ZEOLITE 

2 8 . 2  

28.1 

2 6 . 9  

31.8 

PI- 1. SCHEHRTIC DIAGRAM OF A 2 TYPE ZEOLITE 
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Figure 3. Conversion w i t h  reaction tim, ZnO - 5 s  -on. 
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Figure 4. An-heru 'us plot ZnO - H20 E a d M .  
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